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The magneto-optical Kerr effect is used to study the propagation dynamics of

field-driven magnetic domain walls in Permalloy nanowires. The domain wall velocity-

field characteristic is found to be linear below a threshold field and highly non-linear

above the threshold. An analytical model is proposed for the propagation dynamics

of domain walls in ferromagnetic nanowires at low fields.

The magnetic energy loss in Permalloy thin films and microstructures driven

by sinusoidal magnetic fields is studied as a function of the applied field frequency

over a wide range of frequencies. The magnetic energy loss is shown to be constant at

low frequencies and rapidly increasing at higher frequencies. The measurements are

found to be in agreement with a model of magnetization reversal based on domain

wall motion.
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Chapter 1

Introduction

Studies of magnetization reversal dynamics in ferromagnetic films and nanos-

tructures are an essential step in achieving high performance in magnetic devices as

well as in answering fundamental questions in the physics of ferromagnetism. This

thesis describes two experiments that study the domain wall dynamics in thin Permal-

loy films and nanowires.

The thesis is organized as follows. The first chapter addresses fundamental

concepts of thin film magnetism, including a description of the magneto-optical Kerr

effect. Chapter 2 presents a detailed description of a high-bandwidth high-spatial

resolution magneto-optical Kerr effect polarimeter. Chapter 3 presents an experi-

mental study of the field-driven propagation dynamics of domain walls in Permalloy

nanowires and proposes a model of domain-wall propagation in nanowires at low ap-

plied fields. The last chapter describes an experiment on the magnetic energy loss

dependence on the applied field frequency in Permalloy thin films and microstructures

and demonstrates the agreement between a model of magnetization reversal based on

domain-wall motion and the experimental results.
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1.1 Basics of ferromagnetism

Below a critical temperature, several metallic elements and alloys develop spon-

taneous magnetic ordering, known as ferromagnetism. The mechanism responsible

for ferromagnetism is the same as that which explains the ordering of electron spins

within an atom: when two electrons have identical spin states, according to Pauli’s

exclusion principle they cannot share a common orbit and consequently the electro-

static energy of the electron pair is lower. This quantum-mechanical phenomenon can

be described as an ”exchange” interaction between the electron spins [1,2,3]. Heisen-

berg proposed a model of ferromagnetism based on the exchange interaction between

localized electrons [2,4] using a Hamiltonian that has the form:

Ĥ = −
∑
i,j

Ji,jŜi · Ŝj (1.1)

where the sum is carried over distinct pairs of spins at i and j sites and Ji,j are

exchange constants that measure the coupling between pairs (i,j) of electrons. When

the exchange constants Ji,j are positive the ground state is ferromagnetic. The energy

density associated with the exchange interaction is given by:

Eex =
A

M2
|∇ ~M |2 (1.2)

where A is the exchange constant (a material parameter) and ~M is the magnetization,

defined as the volume density of the net magnetic moment.

In transition metal ferromagnets (Ni, Fe, Co and their alloys) ferromagnetism

is produced by unpaired electrons in the unfilled 3d shells. Unlike in the Heisenberg

model, these 3d electrons are itinerant and better described by the energy band model,
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which can also predict ferromagnetism by demonstrating that exchange interactions

displace the energy bands of spin-up electrons with respect to the energy bands of

spin-down electrons such that at equilibrium electrons prefer one spin orientation over

the other [3,5].

Because of their isotropic nature, exchange interactions don’t favor any par-

ticular direction of magnetization in a sample. Experiments show however that most

ferromagnetic samples are anisotropic, i.e. are more easily magnetized in certain di-

rections as opposed to others. Magnetic anisotropy is due to one of the following

types of interaction:

1) the spin-orbit coupling, which is the magnetostatic interaction between the

magnetic dipole moment associated with the orbital motion of the electron and the

intrinsic electron magnetic dipole moment. The spin-orbit interaction is equivalent to

an internal magnetic field that favors magnetization alignment along certain lattice

directions and explains the magnetocrystalline anisotropy in single crystals. The

magnetocrystalline anisotropy energy density Ean can be written as:

Ean = K · f(α1, α2, α3) (1.3)

where α1, α2, α3 are the direction cosines of ~M with respect to the lattice primitive

vectors, f() is a function that depends on the spatial symmetry of the lattice and K is

the anisotropy constant (a material parameter). Those directions of ~M for which Ean

reaches minima and maxima are called easy and hard axes respectively. The simplest

example is a material with uniaxial anisotropy that has an anisotropy energy density

Ean = Kcos2(α), where α is the angle between the magnetization and the anisotropy

axis. Magnetic anisotropy can also be externally induced by sample growth conditions
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[4].

2) in the presence of an external magnetic field ~H the magnetostatic energy

density of a ferromagnetic sample is given by:

EH = − ~H · ~M (1.4)

Even in the absence of an external magnetic field, each magnetic dipole in a ferro-

magnetic sample is situated in the magnetic field created by all other dipoles. This

field is called demagnetizing field ~Hdemag and has an energy density associated with

it:

Edemag = −1

2
~Hdemag · ~M (1.5)

The demagnetizing field measured outside the sample is also known as stray field. For

a uniformly magnetized sample of ellipsoidal shape, the demagnetizing field is given

by:

µ0
~Hdemag = D · ~M (1.6)

where D is the magnetometric demagnetizing tensor. The diagonal components of

D are called demagnetizing factors. As an example, the demagnetizing factor along

an in-plane direction of an infinite thin film is zero, which means that, if no other

anisotropies are present, the film is easiest to magnetize along an in-plane direction.

Experiments show that ferromagnetic samples are usually composed of regions

of uniform magnetization called magnetic domains, separated by zones of rapidly

varying magnetization called domain walls. These are analyzed in detail in the next

section.
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1.2 Magnetic domains and domain walls

Several explanations have been proposed for the existence of magnetic domains.

In most situations the formation of magnetic domains lowers the total magnetosta-

tic energy of the system by decreasing the demagnetizing field. For magnetic thin

films in particular, it was shown [6] that a stray field-free configuration is possible

only if one-dimensional mathematical discontinuities, the domain walls, are admit-

ted. Depending on the thickness, ferromagnetic films usually develop domain walls

of either Bloch type or of Néel type, both illustrated in Fig. 1.1. In Néel-type walls

the magnetization rotates in the film plane, to lower the magnetostatic energy.

In samples with uniaxial anisotropy, magnetic domains are usually magnetized

along the easy axis. Inside domain walls however, the magnetization rotates and

Figure 1.1: Distribution of magnetization inside two types of domain walls. The mag-
netization rotates in the film plane (Néel wall) or in a plane perpendicular to the film
plane (Bloch wall).
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therefore points in directions of high anisotropy. The wall anisotropy energy will thus

be minimum only if the wall has zero width (abrupt transition from one domain to

the other). However such a configuration will result in a large wall exchange energy,

whose volume density (according to Eq. (1.2)) is proportional to the square of the

angles between neighboring spins and therefore the exchange energy of the wall is

minimized when the wall width is infinite. The actual configuration of the domain

wall is found by minimizing the sum of exchange and anisotropy energies.

In what follows the magnetization configuration inside a static (zero-field) Néel-

type domain wall will be derived for a film with in-plane uniaxial anisotropy. This

result will be used in Chapter 3 to analyze the motion of Néel-type domain walls in

magnetic nanowires; as it will be shown, the propagation dynamics of a domain wall is

closely related to the wall static configuration. The derivation is illustrated with Fig.

1.2, which shows a domain wall that separates two magnetic domains saturated in the

+x and -x directions respectively. The anisotropy axis is chosen in the y direction.

The magnetization is in the x-y plane at all locations within the wall. In order to

find the equilibrium configuration of the wall, we need to calculate the total energy

of the wall and minimize it. The contributions to the total wall energy are:

- exchange energy, which has a density (according to Eq. (1.2)) Eex = A(∂φ
∂x

)2;

- anisotropy energy, of density Ean = Kcos2φ;

- magnetostatic energy, which is non-local and difficult to evaluate analytically

because it involves spatial integrals over φ, an unknown parameter. Fortunately, in

thin films this term can usually be neglected (it is inversely proportional to the film

thickness).

The total energy E of the wall is therefore the integral of (Ean + Eex) over the
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entire sample:

E =
∫ ∞

−∞

(
Kcos2φ + A

(
∂φ

∂x

)2)
dx (1.7)

We need to find the distribution of spin angles φ inside the wall that minimizes

E, in other words we need to solve the variational problem:

δE

δφ
= 0 (1.8)

It can be shown [4] that substituting E given by Eq. (1.7) in Eq. (1.8) we find:

∂(Kcos2φ)

∂φ
− 2A

(
∂2φ

∂x2

)
= 0 (1.9)

Eq. (1.9) is known as the Euler equation associated with Eq. (1.8) and is equivalent

to:

Kcos2φ = A

(
∂φ

∂x

)2

(1.10)

Figure 1.2: Magnetization distribution in a one-dimensional Néel wall. The uniaxial
anisotropy axis is parallel to y.
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By extracting dx from Eq. (1.10) and integrating over φ we get:

x(φ) =

√
A

K

∫ φ

0

dφ

cosφ
=

√
A

K
ln

(
tan

(
φ

2
+

π

4

))
(1.11)

,which gives the spatial distribution of magnetization angles along the domain wall.

An expression for the wall width can also be found. By convention, the width

is inversely proportional to the spatial derivative of φ at the center of the wall:

δwall = π

(
∂x

∂φ

)
x=0

= π

√
A

K
(1.12)

The above derivation of the Néel-wall configuration was done in the absence

of an applied field. The effect of a magnetic field on a domain wall will be discussed

in the next section.

1.3 Domain wall dynamics

An isolated magnetic dipole moment ~M placed in a magnetic field ~H precesses

about the field axis at a rate proportional to the field torque ~M × ~H:

d ~M

dt
= −γ ~M × ~H (1.13)

where γ is the electron gyromagnetic ratio.

Eq. (1.13) can be adapted to describe the dynamics of the magnetization ~M

inside a ferromagnet by assuming that ~H is an effective field (the sum of demagnetiz-

ing, exchange and external fields) and by adding a damping term that accounts for
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the magnetization relaxation towards the effective field axis:

d ~M

dt
= −γ ~M × ~H + αγ

~M × ( ~M × ~H)

M
(1.14)

where α is the damping constant. Eq. (1.14) says that upon applying a field ~H the

magnetization first precesses about the effective field and eventually relaxes towards

the field axis. Eq. (1.14) was originally proposed by Landau and Lifshitz [7]. Another

version of the Landau-Lifshitz formula was proposed by Gilbert [8], who suggested

that the damping torque (the last term in Eq. (1.14)) should not be proportional to

the field torque, but to d ~M/dt:

d ~M

dt
= −γ ~M × ~H + α

~M × d ~M
dt

M
(1.15)

Eq. (1.15) is known as the Landau-Lifshitz-Gilbert (LLG) equation. When

the damping constant is small (α � 1), Eqs. (1.14) and (1.15) are equivalent. For

magnetic materials with large damping constants (α ∼ 1), formula Eq. (1.15) is more

appropriate.

As opposed to eq. (1.13), the LLG equation does not conserve the angular

momentum component along the field axis and it implicitly assumes some mecha-

nism of spin relaxation. Although the origin of spin relaxation in transition-metal

ferromagnets is still an open field of research, two mechanisms are believed to be

dominant:

1) exchange interaction between the 4s conduction electrons and the 3d mag-

netic electrons, also known as s-d exchange [9,10]. In a simple picture, the angular

momentum lost during spin relaxation by the 3d electrons is transferred to the 4s

electrons that flip their spin such that the total angular momentum of the sample is
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conserved.

2) lattice-mediated interactions between the 3d electrons and the 4s electrons

[11,12,13]. In this case spin angular momentum is transferred via spin-orbit interac-

tion from the 3d electrons to lattice phonons and then further to the 4s electrons.

The LLG equation describes the dynamics of magnetization as a combination

of spin precession and spin relaxation (damping). However, in most magnetization

processes the magnetization relaxes towards the instantaneous effective field on a time

scale much shorter than the change in the field. Therefore to a first approximation

we can neglect the precessional part of the magnetization dynamics and phenomeno-

logically think of the magnetization as a physical vector in a viscous medium. Based

on this approximation a relationship can be derived between the magnetic field inten-

sity H and the domain wall velocity. We will focus on a region of volume V located

initially in domain II in Fig. 1.2. Suppose a constant magnetic field is applied to the

film in the +x direction. In order to lower the magnetostatic energy, the domain wall

will start moving in the +x direction. The magnetization in the region of volume

V will switch from -x initially to +x after the wall has swept across V. The switch-

ing of magnetization inside volume V can be described as the rotation of a physical

vector in a viscous medium; the viscous torque that opposes this rotation can be

written as −A(dφ
dt

)V , where A is a viscous damping constant and dφ
dt

is the angular

velocity of ~M . The magnetostatic energy of volume V decreases during this rotation

by -2MHV. Magnetostatic energy can only be lost through viscous damping, which

dissipates during this rotation an energy equal to the integral of the viscous torque

taken between φ=π and φ=0, such that:

2MHV =
∫ π

0
A

(
dφ

dt

)
V dφ (1.16)
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A connection can be made between dφ
dt

and the domain wall speed v by noticing that

dφ
dt

= v ·dφ
dx

. After substituting dφ
dt

in Eq. (1.16), we get a formula for the domain wall

velocity:

v =
2MH

A ·
∫ π
0 (dφ

dx
)dφ

= µH (1.17)

where µ is the domain wall mobility. The linear velocity-field dependence can also be

derived starting from the LLG equation, however to carry out the derivation we need

to know the exact configuration of the magnetization within the wall.

The above derivation for the domain wall velocity assumes that spin relaxation

is the only mechanism that impedes wall motion. In real magnetic samples domain

walls can get pinned by various structural defects and obviously the linear velocity-

field dependence is not valid when the applied field is smaller than the depinning field.

In this regime wall motion can still take place through successive thermally-activated

jumps from one pinned configuration to the next. If the applied field is larger than

the depinning field (which is usually the case only during fast field pulses) the wall

is in a viscous regime described by the spin relaxation-dominated mobility derived

previously.

Magnetization dynamics can be experimentally probed using several techniques

[4,14,16]. One of the most suitable techniques for the study of thin films is the

magneto-optical Kerr effect polarimetry, which measures changes in the polarization

state of light upon reflection from a magnetic sample. More details about this tech-

nique are given in the next section.

1.4 The magneto-optical Kerr effect

The magneto-optical Kerr effect (MOKE) has been used extensively to study
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magnetization processes in thin films with smooth (mirror-like) surfaces [16]. MOKE

represents the dependence of the optical constants of a magnetic surface on the mag-

nitude and direction of the surface magnetization. A linearly polarized beam reflected

off a magnetic surface becomes (in the general case) elliptically polarized, with the

major axis of the polarization ellipse rotated by a small angle with respect to the

polarization plane of the incident beam.

A classical explanation of MOKE is illustrated in Fig. 1.3. The polarization

plane of the incident beam is assumed perpendicular to the plane of incidence. In a

classical-physics picture, the polarized beam will cause the electrons at the sample

surface to oscillate along the electric field direction. In the presence of ~M , the oscil-

lating electrons will feel the Lorentz force ~FL = ~E × ~M . The Lorentz force induces

secondary motion of the electrons that takes place perpendicular to the electric field.

As a result, the reflected electric field has an extra component ~RK which depends on

the magnetization orientation and magnitude. By passing the reflected beam through

a suitably oriented polarizer and measuring the transmitted intensity we can measure

each scalar component of the sample magnetization.

Although the classical picture illustrated in Fig. 1.3 explains the basic features

of MOKE, a full microscopic treatment must include the quantum-mechanical spin-

orbit effect in the context of the band theory of metals. The spin-orbit interaction

makes the electronic wave functions asymmetric in such a way that a linearly polarized

electromagnetic wave generates an electric current perpendicular to the polarization

plane [15]. It can be shown that there are two possible ways an electromagnetic wave

can propagate inside a ferromagnet:

E
(+,−)
0 = exp

(
iω

[
t−

(
n+,−

c

)
z

])
(1.18)
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where + and - denote a right- and respectively a left-handed circularly polarized

wave traveling along the z direction with the complex velocities c
n+

and c
n−

. The

superposition of these two circularly polarized beams will acquire a Kerr ellipticity

(because of the different imaginary parts of n+ and n−) and a Kerr rotation (because

of the different real parts of n+ and n−).

Depending on the magnetization orientation at the sample surface, there are

three distinct geometries of the magneto-optical Kerr effect, illustrated in Fig. 1.4:

Figure 1.3: Illustration of the longitudinal magneto-optical Kerr effect for s incident
beam polarization. RN is the reflected electric field amplitude in the absence of
MOKE. RK is the Kerr amplitude generated by the Lorentz force.
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1) polar configuration: the magnetization points along the sample normal. The

polar effect consists of a rotation of the plane of polarization of the reflected beam

and is strongest at normal beam incidence.

2) transverse configuration: the magnetization is in the sample plane and per-

pendicular to the plane of incidence. An incident beam polarized in the plane of

incidence changes its intensity after reflection, while a beam polarized perpendicular

to the plane of incidence does not suffer any change in polarization or intensity.

3) longitudinal configuration: the magnetization is in the sample plane and

parallel to the plane of incidence. The reflected beam is elliptically polarized, with

the major axis of the polarization ellipse rotated by an angle ΦK (Kerr angle) which

Figure 1.4: Illustration of MOKE. The longitudinal effect with s incident polarization
results in a MOKE rotation angle proportional to the longitudinal magnetization
component averaged over the beam profile.

14



is proportional to the magnetization M:

ΦK = KM (1.19)

where K is a function of the angle of incidence, the magnetization direction at the

sample surface and the light wavelength.

A magnetometer based on the magneto-optical Kerr effect is described in the

next chapter.
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Chapter 2

Experimental setup

This chapter describes an instrument that can probe magnetic domain-wall

dynamics in thin films and nanostructures with ∼1 µm spatial resolution and <2

ns temporal resolution [33]. The main components of the instrument are a scanning

magneto-optical Kerr effect polarimeter with broadband signal detection and a high-

bandwidth magnet system. Wall motion can be driven by magnetic fields of up to

∼100 Oe amplitude with user-defined (risetime ∼20 ns) and sinusoidal waveforms (up

to ∼20 MHz frequency). To facilitate sample monitoring and alignment, a normal-

incidence Kerr microscope is integrated into the setup. A schematic diagram and an

image of the setup are shown in Fig. 2.1. The various components of the instrument

are next described.

2.1 Polarimeter optics

The polarimeter light source is a diode-pumped solid state laser (CrystaLaser

RCL-658-50) with an operating wavelength of 658 nm and a maximum output power

of 47 mW. This laser uses an innovative resonant-cavity technology that allows opera-

16



Figure 2.1: Schematic diagram and image of the magneto-optical Kerr effect polarime-
ter. The laser beam in the image is simulated.
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tion in a single polarized longitudinal mode (TEMoo) with low noise (<0.5% from 10

Hz to 20 MHz) and output stability better than 1% over 24 hours. Prior to the solid-

state laser, a multi-mode He-Ne laser was used. That laser displayed large amplitude

oscillations of the output at a frequency of ∼200 MHz due to coupling (beatings) be-

tween the multiple electromagnetic modes. These oscillations were found to degrade

the temporal resolution of the polarimeter during high-bandwidth measurements.

The beam exits the laser linearly polarized (polarization ratio 1:100) and is sent

through a Glan-Taylor polarizing prism P (extinction ∼ 10−5) to improve its polar-

ization ratio and then through a ×20 beam expander BE. The beam is incident at 45◦

on the sample and is focused by a ×10 microscope objective (Mitutoyo M Plan Apo)

with a 0.28 numerical aperture. The reflected beam is collected by a plano-convex

collector lens with a 25 mm diameter and a 75 mm focal length. The numerical aper-

ture of the collector lens is ∼ 0.33, matching approximately the numerical aperture

of the microscope objective so that the entire reflected beam is collected.

The polarimeter can be set either for the longitudinal or for the transverse

MOKE configuration to detect respectively the magnetization component parallel or

perpendicular to the plane of incidence. An electro-optical polarization modulator

can be inserted between the polarizer P and the ×20 beam expander to rotate the

polarization plane of the incident beam from s (perpendicular to the incidence plane)

to p (parallel to the incidence plane). The experiments described in this thesis use s

polarized light in the longitudinal MOKE configuration, therefore the in-plane longi-

tudinal magnetization component is detected.

Due to MOKE, the reflected beam is elliptically polarized with the major axis of

the polarization ellipse rotated by an angle ΦK . The beam becomes linearly polarized

after passing through a phase shifter PS (a quarter-wave plate). In longitudinal

18



MOKE configuration the Kerr angle ΦK is to a first approximation proportional to

the longitudinal component of the sample magnetization averaged over the focused

laser spot.

MOKE signal detection in the longitudinal configuration can be done by plac-

ing a suitably oriented polarizer after the phase shifter PS and measuring (with a

photodetector) the intensity of the transmitted beam. If polarizer P1 is set at an

angle Φp from the null, then the intensity of the transmitted beam is (according to

Malus’ law): I = Imsin2(Φp − ΦK) + I0, where I0 is the transmitted beam intensity

at maximum extinction (Φp−ΦK = 0) and is due to the finite extinction ratio of the

analyzer. In general the MOKE signal (which is given by the change in the transmit-

ted intensity that results from a Kerr rotation ΦK) is small compared to the residual

intensity I0, therefore the dynamic range of the detection electronics is not fully ex-

ploited by simply measuring the intensity transmitted by P1. Differential detection

was instead implemented by inserting after the phase shifter a non-polarizing beam

splitter B that divides the reflected beam in two beams of equal intensities. Each of

the two beams is sent through a polarizer, set at angles +Φp and -Φp respectively from

the null. Fig. 2.2 shows how the polarimeter was configured for differential detection.

The transmitted intensities on the two arms are: I+ = Imsin2(ΦK + Φp) + I0 and

I− = Imsin2(ΦK−Φp)+ I0. The differential MOKE signal is defined as the difference

between the two transmitted intensities and is equal to:

I+ − I− = Imsin(2Φp)sin(2ΦK) (2.1)

In addition to using the full dynamic range of the detection electronics, differ-

ential detection eliminates the noise related to fluctuations in the laser beam intensity
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and also some of the microphonic noise induced by mechanical vibrations of the op-

tical surfaces along the beam path. These noise sources are eliminated because they

modulate the amplitudes of both transmitted beams and get canceled after subtrac-

tion.

The Kerr microscope consists of a CCD video camera (Princeton Research

Pentamax) that views the sample at normal incidence through a long focal-length

reflecting microscope (Questar QM-100) at a ∼1 µm spatial resolution. Uniform on-

axis sample illumination is achieved with a prism placed inside the microscope and

illuminated with a 150 W tungsten fiber-optic light source. The microscope is used for

sample monitoring and alignment and can also be used to record polar Kerr images

of the sample. The instrument is set up on a vibration isolation table with maximum

Figure 2.2: Illustration of differential detection of the magneto-optical Kerr effect in
longitudinal configuration.
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damping (TMC 784-491-02R).

2.2 MOKE signal detection

The photodetectors are chosen according to the type of experiment. For low-

bandwidth measurements silicon detectors are used because of their high (∼100%)

quantum efficiency. Small area (1 mm2) silicon detectors (New Focus model 1621)

coupled to a 1-MHz bandwidth low-noise differential preamplifier (Stanford Research

Systems 560) can measure single-cycle hysteresis loops with high (∼ 100) signal to

noise ratio and fast (∼ 200 ns) time response.

For high-bandwidth measurements, fast photomultiplier tubes (PMT) Hama-

matsu R1894 were used. The PMT’s have a rated risetime of 0.8 ns, but are designed

to work at high gain (∼ 420,000) and very low input light levels (∼ 1 nW). Typical

values for the incident light power on the photodetectors in MOKE experiments are

in the µW range. The PMT’s can still operate at these high light levels without any

modification, but the applied voltage needs to be reduced (from 1250 V to about 300

V) to lower the gain and prevent supersaturation of anode current. Lowering the

PMT applied voltage changes the distribution of the electric field lines that guide

the secondary electrons inside the PMT and degrades the time response of the PMT.

There is however a way to make the PMT’s operate at high input light levels and

preserve (and even improve) their time response. Each PMT consists of 8 amplifying

stages (also called dynodes). Assuming that all dynodes have the same amplifying

factor g, it follows that 420, 000 = g8 (420,000 is the PMT gain), wherefrom the

gain per dynode is g ∼ 5.05. For a 658 nm incident wavelength, the cathode radiant

sensitivity is ∼15 mA/W and the incident power that saturates the anode current is
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∼4 nW. A typical transmitted power in a MOKE experiment is ∼5 µW, therefore

the optimum PMT gain in a MOKE experiment is ∼ 420,000 · (4 nW/5 µW) = 500,

which means that several dynodes must be eliminated to lower the PMT gain. The

optimum number of dynodes n can be found by setting 500 = gn, wherefrom n =

log(500)
log(5.05)

∼ 3.8 which can be rounded to 4. Therefore dynodes # 6 through 8 must be

removed and the fifth dynode must be rewired to become the PMT anode.

To minimize gain drift and any additional noise associated with voltage fluc-

tuations in the power line, the two PMT’s share the same voltage supply. Narrow

(∼10 nm FWHM) band-pass interference filters centered on the laser wavelength were

placed in front of both PMT’s to allow operation in normal room light. To minimize

stray magnetic fields that could degrade their performance, the PMT’s are protected

by specially designed magnetic shields made of µ-metal.

The output of each PMT is sent to an amplifying stage that consists of 2

cascaded Stanford Research Systems SIM914 pre-amplifiers. Each pre-amplifier has

a ×5 voltage gain, a 350 MHz bandwidth and is dc coupled. After amplification the

two signals are subtracted by a 500 MHz differential amplifier probe (LeCroy) that

sends the difference signal to an 8-bit, 1 GHz-bandwidth digital oscilloscope (LeCroy

Wavepro 960).

As we can see in Eq. (2.1), the magnitude of the differential MOKE signal

depends on the polarizer settings Φp. We need to find the value of Φp that optimizes

the detected signal, i.e. maximizes the electronic MOKE signal-to-noise ratio. The

derivation of the optimum Φp value will be presented in the case of high-bandwidth

detection electronics. Calculations for low-bandwidth detection electronics (where

shot-noise is dominant) show that the optimum polarizer setting is Φp =
√

ε, where

ε = I0
Im

[16].
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The differential MOKE signal at the input of the first amplifying stage is given

by the difference between the two photodetector outputs:

S = R · δi = R · η ·∆P = R · η · Pm · sin(2Φp) · sin(2ΦK) (2.2)

where R is the input resistance of the pre-amplifier, δi is the difference between

the output currents of the two photodetectors, η is the photodetector responsivity

and P is the laser power incident on the photodetector. Since the incident power P is

proportional to the incident intensity I, I was substituted with P in Eq. (2.1) to derive

Eq. (2.2). To calculate the electronic noise at the input of the first pre-amplifier stage,

we need to consider several noise contributions; in the following expressions, R is the

pre-amplifier input resistance:

- electronic shot noise Vs:

Vs = (2eBi)1/2R (2.3)

where e is the electron charge, B is the overall measurement bandwidth and i is the

photodetector output current.

- photodetector dark noise Vd (photodetector output noise at zero illumination):

Vd = η ·NEP ·B1/2 ·R (2.4)

where η is the photodetector responsivity and NEP is the noise equivalent power of

the photodetector.

- Johnson noise VJ , due to electron density fluctuations:

VJ = (4kTRB)1/2 (2.5)
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- fluctuations in the laser beam intensity. Assuming that the two arms of the

differential detection are balanced and that the photodetector gains are equal, the

laser noise is canceled through differential detection.

Because all the noise signals discussed above are uncorrelated, the total elec-

tronic noise at the input of the first pre-amplifier stage is given by:

N =
√

(Vs)2 + (Vd)2 + (VJ)2. Typical values for a high-bandwidth experiment are B

= 350 MHz, R = 50 Ω and T = 300 K, which gives a constant Johnson noise of ∼

21 µV. The shot noise is a function of the detector output (anode). The maximum

rated detector anode current imax=30 µA gives an upper limit for the shot noise of

∼ (2eBimax)
1/2 = 2 µV. The shot noise is therefore much smaller than the Johnson

noise and can be neglected. After making this simplification, the overall electronic

signal to noise ratio is:

S

N
=

η · Pm · sin2Φp · sin2ΦK

(2B(4kT
R

+ η2 ·NEP 2))1/2
(2.6)

The polarizer setting that maximizes S/N is given by sin(2Φp) = 1, or Φp =

45◦. Depending on the laser power incident on P1 and P2, a polarizer setting of 45◦

might be too large and supersaturate the photodetector. In this case, the signal to

noise ratio is optimized simply by choosing the polarizer angles that saturate both

photodetectors.

2.3 Magnet system

Magnetic fields are generated by using two custom-made magnet systems, for

low- and high-bandwidth measurements respectively. An image of the low-bandwidth

magnet system and its schematic diagram are shown in Fig. 2.3. The magnet system
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is built around a step-down ferrite-core transformer with a 4:1 turns ratio (16:1 im-

pedance ratio). A magnetic field is generated by passing an electric current through

Figure 2.3: Magnet system; (a),(b) schematic diagram and image of the low-bandwidth
magnet; (c) input impedance of the low-bandwidth magnet system as a function of
frequency for a sinusoidal input waveform; (d) current-frequency characteristic of the
high-bandwidth magnet system at two constant-amplitude input signals.
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a 4 mm long, 500 µm wide copper wire (the magnet wire) situated in the secondary

transformer winding. The wire has a semicircular cross-section and is soldered be-

tween two thick copper electrodes. The secondary winding of the transformer contains

a bank of carbon resistors that generate a ∼50 Ω primary input load with low re-

actance. The magnet can pe powered by applying a voltage signal either to the

transformer primary input or directly to the secondary winding that contains the

magnet wire. Magnet wire currents up to 20 A from dc to ∼ 1 MHz can be generated

by this magnet system.

A second magnet system was built for higher bandwidth experiments that

is similar to the low-bandwidth version, except for the carbon resistor bank which

is eliminated and the size of the secondary transformer winding, which has a loop

area about 3 times smaller, to lower its inductance. These modifications extend the

bandwidth to a high-frequency 3db point of ∼20 MHz.

The semicircular magnet wire (shown in Fig. 2.4) generates an axial magnetic

field that can be calculated by integrating the Biot-Savart law over the cross-sectional

area of the wire. The spatial profiles of the magnetic field calculated using the Biot-

Savart law are shown in the two insets in Fig. 2.4. At high frequencies the current

density inside the magnet wire is not uniform (as is at low frequencies) because of

the electromagnetic skin effect (at high frequencies the current flows through a thin

layer near the wire surface). The skin effect was taken into account in numerical

simulations and was found to affect the field value only in the immediate vicinity

(∼ 100µm) of the wire. For a 125 µm-thick substrate placed against the flat side of

the magnet wire, the in-plane field has a maximum value of ∼ 6 Oe/A and is uniform

to about 5% over a distance of 200 µm along a direction perpendicular to the wire.

The magnetic field is measured by monitoring the electric current that passes
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the magnet wire. This current is assumed constant at all points around the secondary

winding, which is an accurate assumption for signal wavelengths much bigger than

the size of the secondary winding (that is, signal frequencies much smaller than ∼1

GHz). In the high-bandwidth magnet system the magnet wire current is measured

with a 200 MHz passive inductive current monitor (Pearson model 2878) inserted in

the transformer secondary as shown in Fig. 2.3 b). This current monitor can measure

peak currents up to 100 A and is electrically insulated from the magnet system. In

the low-bandwidth magnet system the current in the magnet wire is measured with

Figure 2.4: Distribution of magnetic field generated by the magnet wire. The insets
show the value of the substrate in-plane field component as a function of two or-
thogonal coordinates. The in-plane field distribution along Y is plotted for several
frequencies to show the influence of the skin effect.
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an active current probe (LeCroy AP015) attached directly to the oscilloscope.

The magnet systems are driven by three amplifiers with overlapping frequency

ranges:

- at low frequencies two high-power amplifiers are used to apply currents up

to 20 A amplitude directly to the magnet wire of the low-bandwidth magnet system:

a Kepco BOP20-20-M (dc - 10 kHz) and a McIntosh 352 (20 Hz - 20 kHz).

- at high frequencies, a solid-state amplifier (Amplifier Research 150A-100B,

bandwidth 10kHz - 100MHz) with 150 W maximum output power is used to drive the

primary input of the high-frequency magnet system. With this amplifier, maximum

currents of 20 A amplitude can be generated at frequencies up to ∼10 MHz. The

signal generator that drives all 3 power amplifiers is a Stanford Research Systems

DS345 with dc - 30 MHz bandwidth.

The polarimeter includes a calibrated Helmholtz coil magnet that can be used

to generate low-frequency magnetic fields or to apply a dc magnetic field bias to

the sample. The coil magnet can also be used to calibrate the field/current ratio of

the magnet wire. To do that, a hysteresis loop is recorded using the magnet wire

while a dc magnetic field is applied with the coil magnet. The dc field will shift the

hysteresis loop by an amount proportional to the dc field intensity. By recording

loops for several dc field values and plotting the shift in the hysteresis loops versus

the dc field intensity we can find the field/current ratio of the magnet wire which is

given by the inverse of the slope of the best-fit line of the plot. The field/current

ratio obtained using the coil magnet is in reasonable agreement (within ∼10 %) with

numerical integration of the Biot-Savart law.

At very high frequencies (>1 MHz) the input reactance of the high-bandwidth

magnet system increases substantially, as shown in Fig. 2.3 c). The maximum field
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that can be generated at these frequencies is therefore substantially lower compared

to lower frequencies. One way to increase the field amplitude at high frequencies

is by using an impedance matchbox, which consists of a variable-reactance circuit

that is inserted between the amplifier and the magnet system. The matchbox can

considerably lower the effective reactance seen by the amplifier such that currents

larger by ∼50% can be generated in the magnet wire. One drawback to using the

matchbox is the possibility of current resonances in the magnet-matchbox circuit that

can unexpectedly generate very high currents in the secondary magnet winding which

can easily overheat (and possibly destroy) the ferrite-based current monitor.

During experiments, currents up to∼12 A amplitude routinely pass the magnet

wire for long periods of time (up to ∼1 hour) and cause Joule heating. It can be shown

that the stationary local heating of the magnet wire can be approximated by:

(∆T )wire '


ρl2I2

π2cthr4 δ > r

ρl2I2

π2cthr2δ(2r−δ)
δ < r

where δ is the skin depth (a function of the current frequency), ρ is the magnet

wire resistivity, cth is the wire thermal conductivity, l and r are the wire length and

radius and I is the rms value of the wire current. After substituting the appropriate

values we find that for a 10 MHz-frequency current (δ ∼7 µm) with a 10 A rms

amplitude the maximum increase in the wire temperature is rather small, ∼4 K.

2.4 Sample and beam alignment

Several translation stages are necessary to align the various subsystems of the

polarimeter. The magnet system is mounted together with the sample on a two-axis
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translation stage (Daedal 800,000 series) that is mounted vertically on the optical

table. This scanning stage moves the sample relative to the laser spot while keeping

it fixed with respect to the magnet wire. A three-axis stage (the sample stage) is

mounted to the two-axis translation stage and is used for sample alignment relative

to the magnet wire.

The normal-incidence Kerr microscope is attached to a two-axis translation

stage (microscope stage) mounted on the optical table. The microscope objective is

mounted on a three-axis translation stage (objective stage) attached to the optical

table. The objective stage is used to change the diameter and the location of the

focused laser beam on the sample. The sample stage and objective stage are com-

mercial manual flexure stages with sub-micrometer adjustment precision. As opposed

to regular (ball-bearing) translation stages, flexure stages have a very good mechan-

ical stability. The camera stage is a custom-built manual-drive stage with 10 µm

precision. The scanning stage is a high-resolution commercial stepper-motor-driven

stage.

Optical beam alignment is crucial in MOKE experiments. In the absence of

a good beam alignment, the Kerr signal can be dramatically reduced and the noise

in the MOKE signal may increase substantially. The following optical alignment

procedure was found to work best:

- first remove all optics (keep sample mounted) and check with an iris that

the entire laser beam (both incident and reflected arms) is in a horizontal plane, at a

height given by the field of view of the CCD camera;

- mount the polarizer P and the ×20 beam expander (BE) and visually check

that the laser beam is centered on the polarizer and at the BE’s input aperture. A

well centered beam will produce a uniform profile at the BE’s output. If the outgoing
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beam intensity is not uniform across the entire cross-section, use the mirror mounted

after the laser to tilt the beam until the output of the BE is uniform;

- mount the microscope objective and make sure that the laser beam is well

centered at the objective’s input aperture (use the micrometers on the objective

translation stage for centering);

- mount the collector lens L such that the entire reflected beam is collected

and the outgoing beam is roughly parallel. The MOKE signal is proportional to the

laser power incident on the analyzing polarizers, therefore collecting all the laser light

reflected by the sample is essential;

- mount the second (×10) beam expander and the phase shifter and check that

both are well centered with the laser beam. It was found that the setup performs just

as well or even better if the ×10 beam expander is removed. In this case, the beam

should be slightly convergent when it exists the collector lens;

- mount the non-polarizing beam splitter and the subsequent mirrors such that

the laser spot is centered at the photodetectors’ input.

A frequent problem in parallel-beam optical setups is multiple beam reflections

between the optical surfaces along the beam path, which can degrade the temporal

resolution of the polarimeter. To minimize this effect, one must find the smallest mis-

alignment of optics that dampens multiple reflections without distorting considerably

the beam path. Over time, the optical alignment can be lost due to mechanical or

thermal drifts of the optics. Because of that, periodic re-alignment helps maintain

good instrument performance.

Once the alignment is done, the polarizer angles must be set to maximize the

signal to noise ratio. This is done by sequentially rotating PS, P1 and P2 until the

transmitted beams on both arms have minimum intensities. P1 is then rotated by an
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angle Φp that optimizes the MOKE signal, as described in section 2.2. P2 is set such

that the two photodetector outputs are balanced.

2.5 Spatial resolution

The spatial resolution of the polarimeter is determined by the laser spot profile

on the sample. Assuming diffraction-limited optics, the minimum laser spot diameter

(measured at 1/e intensity) is given by [40]:

d = K · λ · f/# (2.8)

where K is a function of the ratio between the Gaussian beam diameter at the ob-

jective input (measured at 1/e2 intensity) and the objective aperture, λ is the laser

wavelength and f/# is the f-number of the microscope objective. The above formula

yields a diffraction-limited spot size of ∼ 2.8 µm for the current setup. In our setup

the laser beam is incident at 45◦ on the sample, therefore the spot has a 2D Gaussian

profile with the long axis in the plane of incidence. As a consequence the polarimeter

spatial resolution is slightly better in the transverse direction.

The intensity profile of the laser spot can be measured by scanning the spot

across a sharp edge of the substrate while monitoring the reflected beam power. The

profile of the reflected beam is fitted with an error function which (after differentia-

tion) yields a Gaussian profile whose width at 1/e intensity gives the spot diameter,

as shown in Fig. 2.5.

The polarimeter spatial resolution is also decided by the precision with which

the laser spot can be positioned on the sample. The scanning stage is equipped

with optical sensors that permit closed-loop computer control with an accuracy of
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∼1 µm. The stepper motors that move the scanning stage have a ∼ 20 nm step size.

The overall spatial resolution of the polarimeter is therefore given by the laser spot

diameter on the sample.

Although a small laser spot is essential for good spatial resolution, one must

keep in mind that the laser power absorbed by the sample can lead to substantial

local heating. The maximum (stationary) increase in the local sample temperature

is given by [17]:

∆T =
3Pabs

πλthdsp

(2.9)

where Pabs is the laser power absorbed by the sample, λth is the sample thermal

conductivity and dsp is the spot diameter. For typical values in this experiment, the

maximum temperature increase was estimated at ∼1 K.

An additional source of noise in the MOKE signal is the absorption and scat-

Figure 2.5: Profile of smallest laser spot at the sample. The integrated profile (•) is
fitted with an error function. The differentiated profile (◦) is fitted with a Gaussian.
The width at 1/e intensity is ∼2.5 µm.
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tering of laser light by dust particles that randomly move in and out of the laser

path. For low-bandwidth measurements, a solid improvement in S/N was achieved

after providing a dust-free laser beam path. In high-bandwidth measurements, the

noise in the MOKE channel is not affected by this effect because the time scale of the

dust motion is much larger.

In the early stages of building the polarimeter, huge oscillations in the MOKE

signal were detected when driving the high-bandwidth magnet system at high fre-

quencies (>1 MHz). These oscillations turned out to be electromagnetic interference

between the magnet system and the propagation path (mainly BNC cables) of the

MOKE signal. The electromagnetic interference can be explained by two factors:

- when the secondary winding of the magnet system carries a high-frequency

current, it behaves like an antenna with a large magnetic dipole moment which,

through electromagnetic induction, generates detectable voltages in the MOKE signal

path (BNC cables etc.).

- at high operating frequencies an electric dipole moment is induced between

the magnet system and the metallic surfaces that surround it (mainly the shield of the

current monitor and the scanning stage). This time-varying dipole moment generates

an electromagnetic wave that is also detected and added to the MOKE signal.

The wavelength of these electromagnetic waves was estimated at ∼10 m, much

larger than the polarimeter size and therefore the entire setup (including the detection

electronics) is located in the near-field zone of the electromagnetic source (the mag-

net system), where standard far-field electromagnetic field-suppression techniques do

not work. A solution to this problem was found by providing a good RF grounding

path to the magnet and the metallic shield of the current monitor; this reduces the

electromagnetic interference by a factor of ∼ 10. Using double-shielded BNC cables
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and twisting them to minimize the total inductance of the MOKE signal cables at-

tenuates the interference by another factor of ∼ 10. In addition, the entire magnet

system was enclosed in a metallic shield made of Aluminum which acts as an elec-

tromagnetic wall. The effect of electromagnetic interference is negligible in the drive

signal channel because there is no signal amplification there.

Although the polarimeter is mounted on an optical table with maximum vi-

bration damping, there are still vibrations of optics that cause the focused laser spot

to undergo random oscillations on the sample with an amplitude of ≈ 0.1 µm and a

large frequency spectrum (65-2400 Hz). These oscillations lower the spatial resolution

of the polarimeter and are an extra source of noise in the MOKE signal channel. Of

all optical components, the most critical are vibrations of the microscope objective.

High-bandwidth measurements (with sub-microsecond timescale) won’t be affected by

these vibrations because of the large disparity in the time scales. At low frequencies

however these vibrations will add noise to the MOKE signal. The only method that

was found to dampen the microscope objective vibrations is mounting the objective

on a (commercial) damped rod.

2.6 Instrument operation

The polarimeter operation is computer-controlled through an integrated soft-

ware written in LabVIEW. The digital oscilloscope and the signal generator are oper-

ated through an IEEE bus while the scanning stage motors are controlled through an

RS232 interface. The software has sub-routines that perform magnetic field waveform

design, oscilloscope data acquisition and scanning stage motion.

The high-bandwidth detection that is indispensable in measurements of fast
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magnetization dynamics comes at the cost of large electronic noise. The only method

to decrease this noise to a level that enables the measurement of the MOKE signal is

signal averaging of repetitive waveforms. In this case, measurements involve driving

the magnet system with a repetitive waveform and triggering oscilloscope acquisition

during each waveform cycle. The trigger signal is a 2V peak-to-peak, 10 ns risetime

TTL signal output by the digital signal generator at the beginning of each waveform.

Initially the drive signal itself was chosen to trigger oscilloscope acquisitions, however

its lower risetime and signal to noise ratio (compared to the TTL signal) results

in trigger ”jitter” that degrades the temporal resolution of the measurement. The

waveform averaging is done inside the oscilloscope by using two user-defined math

channels. The first math channel ”compresses” (by averaging) sets of 1000 loops into

single averaged loops and inputs those loops into the second math channel which

averages them all into one final loop that is sent to the PC. The above sequence is

repeated for each point on the sample. The overall speed of the whole process is

≈ 100.000 loops/min. The slowest process is the averaging (done inside the scope),

estimated at ∼ 90% of the total measurement time.
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Chapter 3

Field-driven domain wall dynamics

in Permalloy nanowires

3.1 Introduction

The past decade has witnessed the evolution of a new field of information

technology: the spin-electronics [18]. It began with the discovery of giant magnetore-

sistance (GMR) [19] and continued with research on methods to manipulate electron

and nuclear spins with the ultimate goal of storing and processing information using

spins (rather than solely electric charges)

To date, two spintronic devices have become commercially available: the hard-

disk drive read-head used in PC’s and, on a smaller scale, the magnetic random access

memory device (MRAM). Other applications are still an open field of research: feasi-

ble memory [20-22] and logic [20,23-26] devices have been proposed that use electric

currents and magnetic fields to manipulate magnetic domain walls that act as infor-

mation carriers within ferromagnetic nanowires. If put into practice, these devices
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will have a performance essentially limited by the propagation velocity of domain

walls. A recently proposed application is the magnetic-logic based computer, which

processes data using a magnetic logic architecture based on planar ferromagnetic

nanowires [26,27]; details about this interesting device and the way its performance

is affected by the field-driven dynamics of domain walls in ferromagnetic nanowires

are provided in Appendix A.

Very little is known about how a domain wall inside a ferromagnetic nanowire

behaves when a magnetic field is applied parallel to the nanowire. This topic has

only recently come within the reach of fabrication technologies and computing power

that can appropriately tackle its complexity. The first research article on this topic

[24] is only 7 years old. Since then, a number of theoretical studies have been carried

out, predominantly micromagnetic numerical simulations [28-30] that predict a do-

main wall velocity-field characteristic that is linear below a threshold field and gives

way at higher fields to a turbulent regime characterized by time oscillations of the

wall velocity. This dynamic behavior has been termed Walker breakdown, after the

physicist who first predicted it for a one-dimensional domain wall propagating in an

infinite medium with uniaxial anisotropy [31].

On the experimental side, there have been two reports of measured domain

wall velocities in ferromagnetic nanowires [24,32]. Surprisingly, they both found a

linear velocity-field characteristic, in contrast with the theoretical models.

A new study was needed to help explain why the previous experimental and

theoretical studies are in disagreement. An experiment was first designed and it is the

subject of the next section. It shows the first direct evidence to date of the domain

wall mobility (”Walker”) breakdown in a ferromagnetic nanowire [39].

38



3.2 Experiment and a model

The purpose of the experiment is to study the propagation dynamics of domain

walls along a Permalloy nanowire under the condition of a magnetic field applied

parallel to the nanowire axis.

Permalloy nanowires were fabricated in two steps:

1) A Ta(3 nm)/Ni80Fe20(Py)(20 nm)/Ta(5 nm) trilayer was deposited at room

temperature by dc magnetron sputtering on a thermally oxidized Si(100) substrate.

In order to impart an in-plane anisotropy to the Py layer, during the deposition

a magnetic field (∼100 Oe) large enough to saturate the film was applied to the

substrate.

2) After film deposition, several identical nanowires were patterned on the

magnetic trilayer using a focused ion beam (FIB) system. Each nanowire is 600 nm

wide and 20 µm long and is separated from the continuous film by two 4 µm-wide

milled trenches. The FIB system (FEI Strata DB235) removes surface atoms by

Figure 3.1: Scanning electron micrograph of a 600 nm wide, 20 µm long Permalloy
nanowire. The nanowire is separated from the large-area film by two 4 µm-wide
milled trenches (dark shade).
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bombarding them with Ga+ ions and has a patterning spatial resolution of ∼ 5 nm.

A 100 pA ion current was used on the entire milled area with the exception of a 1

µm-wide region nearest to the nanowire, where a less damaging 10 pA ion current was

used. Fig. 3.1 shows a plan-view scanning electron micrograph (SEM) of a nanowire;

only the white shade regions are magnetic. The nanowire has one end contiguous with

the rest of the film, while the other end is closed. The closed end is fashioned into

a sharp point in order to lower the local demagnetizing field and impede nucleation

of domain walls and also to assist the annihilation of domain walls that enter this

region of the nanowire. The focused ion-beam patterning was performed such that

the nanowires are aligned with the magnetic anisotropy axis of the film.

After patterning, the nanowires were inspected with an atomic force microscope

system (AFM) to check that all the magnetic material had been removed during ion

milling. The AFM profile confirmed that the depth of the milled trenches was more

than twice the thickness of the magnetic trilayer.

The domain wall propagation dynamics along the nanowire was studied using

the high-bandwidth magneto-optical Kerr effect polarimeter described at length in

chapter 2. The polarimeter probes the nanowire magnetization locally with a focused

laser beam and has a spatial resolution of ∼ 1 µm, comparable to the nanowire width.

The temporal resolution of the polarimeter (∼2 ns) permits measurements of domain

walls propagating at very large speeds (up to ∼ 1000 m/s).

The magnetic field applied to the nanowire is generated by passing an electric

current through a thin semi-circular copper wire (the ”wire magnet”, shown in Fig.

3.2). The driving field has to be aligned with the nanowire axis to maximize the

longitudinal field component - the nanowire alignment relative to the wire magnet is

done using the microscope incorporated in the polarimeter.
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The nanowire must be as close to the wire magnet as possible because the

driving field magnitude decreases with the distance between the nanowire and the

wire magnet. For that reason, the silicon substrate is very thin (∼ 125 µm). For

convenient manipulation and to protect it from mechanical stress, the substrate was

attached to a specially-designed mounting piece (not shown) that was secured in the

magnet assembly.

As Fig. 3.2 shows, the nanowire magnetization is in the incidence plane. The

polarimeter has to be set to detect changes in the longitudinal ~M component and

therefore the incident beam polarization plane is chosen perpendicular to the incidence

plane (”s” polarization).

The beam reflected off the sample carries a Kerr signal (induced by the nanowire

magnetization) with a magnitude that is proportional to the fraction of the beam that

Figure 3.2: Illustration of magneto-optical Kerr effect measurement technique.
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gets reflected directly off the nanowire. Therefore, in order to maximize the Kerr sig-

nal, the spot needs to be centered on the nanowire and have the smallest possible

diameter. A method to measure the spot diameter is to scan it across a cleaved

edge of the sample and record the intensity of the reflected beam. The scanning is

done with the computer-controlled two-axis translation stage that moves the sample

relative to the fixed spot. The measured intensity profile is then fitted with an error

function and the differentiated profile is fitted with a Gaussian whose width gives the

spot diameter along the scanning direction. The spot diameter can be adjusted by

translating the stage that holds the microscope objective parallel to the laser beam

path.

Fig. 3.3 shows the profile of the smallest laser spot (2.5 µm) achieved on this

instrument. The 2nd order diffraction rings due to the truncation of the Gaussian

Figure 3.3: Profile of smallest laser spot at the sample.
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incident laser beam are clearly visible.

Next we need to locate the nanowire spatial coordinates. The nanowire can be

best visualized by recording its susceptibility map (Fig. 3.4). The susceptibility map

is created by applying a 10kHz bi-polar square-wave magnetic waveform with an am-

plitude large enough to magnetically saturate the nanowire. A lock-in amplifier locked

to the frequency of the square-wave signal records the Kerr signal while the sample

is raster-scanned on a two-dimensional grid. Fig. 3.4 is basically a two-dimensional

map of the magnetic susceptibility of the sample; the white shade represents mag-

netic material. Although its width is smaller than the spot diameter, the nanowire is

adequately resolved.

The Kerr signal is detected by using differential detection with two photo-

multiplier tubes (PMT) with fast risetimes (≤ 1 ns), high-bandwidth amplification

and a high-bandwidth (1 GHz) digital oscilloscope. Due to its high (1 GHz) band-

Figure 3.4: Susceptibility map of a 600 nm wide, 20 µm long Permalloy nanowire. The
white shade is magnetic material (Permalloy).
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width, the unavoidable Johnson noise at the oscilloscope input is ∼ 20 mV, which is

about 60 times greater than the maximum Kerr signal on the nanowire. The large

measurement bandwidth of the polarimeter, which is essential in this fast-dynamics

experiment, comes at the cost of signal averaging.

The wall velocity measurements consist in applying cyclic field waveforms to

the sample and sequentially moving the laser spot at equally-spaced positions along

the nanowire while measuring the time-resolved Kerr signal at each location. Each

waveform cycle saturates the sample in one direction and then applies a field pulse

in the opposite direction. During each such pulse, a domain wall is generated at the

boundary between the film and the nanowire and then ”injected” into the nanowire

and propagated along it.

Fig. 3.5 shows a field-step of a waveform cycle and the corresponding Kerr sig-

nal time traces taken at several locations on the nanowire. The magnetic field value

is calculated as the product between the electric current that passes the wire magnet

and the field-to-current ratio of the wire magnet. The electric current is measured

by a 200 MHz-bandwidth current probe that can accurately record the fastest rise-

time waveforms used in this experiment. The field-to-current calibration was done by

recording (with the polarimeter) a magnetic hysteresis loop on the nanowire and then

measuring the shift in the hysteresis loop caused by a calibrated dc magnetic field

generated by a Helmholtz coil. The calibration factor can be checked by integrating

numerically the Biot-Savart law over the cross section of the magnet wire. The exper-

imental calibration was found to agree within ∼ 10% with the numerical integration.

This small difference can be attributed to the geometrically imperfect shape of the

wire magnet. The numerical integration also shows that the in-plane field created by

the wire is uniform to ∼ 0.2% over the entire nanowire length. This means that, to
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Figure 3.5: Measurement sequence of domain wall velocity. The upper graph shows a
field-step that injects and propagates a domain in the nanowire and the Kerr signal
traces measured at 5 locations on the film and along the nanowire. The lower image
shows a scanning electron micrograph of the nanowire and the 5 locations at which
the Kerr signal traces in the upper graph were measured.
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a first approximation, the wall propagates in a constant field along the entire length

of the nanowire.

The Kerr signal plotted in Fig. 3.5 is proportional to the longitudinal compo-

nent of the nanowire magnetization. Fig. 3.5 shows that the further the laser spot is

located from the open end of the nanowire, the greater the time delay is between the

magnetic field pulse and the nanowire magnetization reversal at that location. This

dependence is evidence that the nanowire reverses magnetization through motion of

a single domain wall that is ’injected’ from the large-area film. The Kerr transients

in Fig. 3.5 are averaged over ∼40,000 cycles in order to reach a signal to noise ratio

of ∼ 4. Each Kerr transient is fitted with an error function that represents the time

integral of the Kerr signal when a constant-velocity domain wall crosses the spot.

Fig. 3.6 shows a series of plots of the nanowire reversal times versus the laser

spot locations at several field values. The reversal time (or domain-wall arrival time)

at a given location is the center of the Kerr transient fit at that location. For each

plot, the slope of the best-fit line is interpreted as the average velocity of the domain

wall at that field value.

Field pulses with an amplitude below ∼ 23 Oe, although able to reverse the

large-area film, were incapable of injecting a domain wall into the nanowire. This

critical field value will be called ”injection field” Hinj. The signal generator that

drives the magnet system can output user defined waveforms, like the one shown in

the upper graph of Fig. 3.7. It consists of a field pulse large enough to inject the

wall (”injection pulse”) followed by a lower propagation field Hpropag. Using such field

waveforms, the propagation of domain walls can be studied at field values that are

insufficient to inject the wall into the nanowire, but large enough to move the domain

wall.
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The lowest propagation field is ∼ 1.2 Oe for this nanowire. Below this value,

domain walls are unable to move all the way to the other end of the nanowire. In-

stead, they are pinned at random locations inside the nanowire, presumably by some

structural defects created during ion milling. The wall pinning field value (defined as

the minimum field that moves a domain wall across the nanowire) differs considerably

from nanowire to nanowire. The data that are shown were taken on the nanowire

that had the lowest pinning field.

Figure 3.6: Plot of the nanowire reversal times as a function of laser spot position at
several applied field values.
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There is also an upper limit to the propagation fields that can be generated

with this polarimeter. This limit is ∼ 70 Oe, basically set by the maximum output

power of the amplifier that drives the magnet system and also by the impedance of

the magnet system. Magnetic field waveforms with amplitudes above 70 Oe can still

be generated, however they display significant distortion of the propagation field that

makes them unusable.

Figure 3.7: Measurement sequence of domain wall velocities below the injection field.
The upper graph shows a field waveform that injects the domain wall into the nanowire
and then propagates it at a lower propagation field. The lower graph shows Kerr signal
traces at 5 locations on the film and along the nanowire. The laser spot location is
indicated by the distance from the open end of the nanowire.
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Fig. 3.8 shows the dependence of the domain wall velocity on the driving

field. The velocity-field characteristic is linear below Hc = 4 Oe. Above Hc, the

wall mobility has a negative slope that increases with the driving field and becomes

constant again at ∼ 30 Oe. The domain wall mobility in the low-field linear regime is

about 25m/s/Oe. In the linear regime at high fields, the mobility drops to 2.5 m/s/Oe.

Hc will be referred to as the breakdown field, for reasons that will be discussed later.

Before analyzing the velocity-field characteristic, we need to make sure that

Figure 3.8: Velocity-field characteristic of a domain wall that propagates along a 600
nm wide, 20 µm long Permalloy nanowire.
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the data are not affected by any experimental artifacts. Several issues that are of

concern are discussed below:

1) a possible source of measurement error is the local heating of the nanowire

caused by the incident laser power that is absorbed by the sample. The high laser

power density of ∼ 1010W/m2 is necessary in order to achieve a good signal to noise

ratio in a reasonably short integration time. On the other hand, as the magnetic

(spin) damping that occurs during wall motion involves spin interaction with the

lattice, the local sample heating can have an effect on the domain wall dynamics. A

direct measurement of the local temperature change is rather difficult, however it is

possible to evaluate this effect indirectly. To make sure the heating is negligible, it

was evaluated in two ways:

- several data points were taken both with the full 45mW laser beam power

and with the beam power reduced to about 40% from that value (using an optical

filter). If the temperature change was significant, the average domain wall velocities

measured in those two conditions would be different. Instead, they were found to be

the same within the uncertainty.

- the local stationary heating can be evaluated theoretically [17]: ∆T =

3Pabs/πλthdsp, where Pabs is the laser power absorbed by the sample, λth is the ther-

mal conductivity of the sample and dsp is the spot diameter. For typical values in

this experiment, the temperature increase was estimated at ≈ 1K, a negligible value.

A third method to estimate the heating was tried: the electrical resistance

of a nanowire with the same geometry as the one studied here was monitored with

an ohmmeter both with and without laser illumination. However, because of the

photovoltaic effect of the silicon surface at the bottom of the milled trenches, the

measured nanowire resistance was actually slightly lower with than without laser
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illumination and no accurate value for the temperature change can be reported.

2) another possible experimental artifact can be the inclusion in the reflected

beam of Kerr signal contributions from the large-area film. However, if the measured

laser spot diameter is much smaller than the width of the trenches that define the

nanowire, this contribution can be safely neglected. In our case, the ratio between the

trench width and the spot radius is about 3. This makes the relative contribution of

the Kerr signal coming from the large-area film very small ( ≤ 1 %). This percentage

becomes larger when the laser spot is located close to either end of the nanowire

because of the proximity of the film. Data taken near either end of the nanowire

shows visible signal contributions from the large-area film, but since the switching of

the large-area film has a fixed time delay relative to the field pulse, its contribution

can be easily identified and separated.

3) finally, special care had to be taken to suppress any mechanical or thermal

drift of the laser spot relative to the sample. This factor is important because domain

wall velocities are measured relative to the laser spot position and therefore any spot

drift in a direction parallel to the nanowire will change the measured wall velocities.

Also, when velocities are calculated from the slope of the reversal time vs. position

coordinate, each Kerr transient data point must be associated with its exact location,

so drift cannot be tolerated. There are mainly two causes of drift:

a) before reaching the sample, the incident beam passes through several optical

components and even the smallest mechanical or thermal instability of any of those

components can induce spot movement on the sample. The most critical was found to

be the microscope objective. Initially the measurements were done with the objective

mounted on a regular (ball-bearing) translation stage and the data was not repro-

ducible for successive runs. The cause was found to be laser spot drift of ∼ 1 µm/hour
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relative to the sample. The ball-bearing translation stage was then replaced with a

high-stability flexure translation stage and this improved the mechanical stability to

better than 0.1 µm/hour, small enough to be neglected.

b) the sample is mounted on the magnet system which in turn is supported by

an open-frame translation stage attached to the optical table. During measurements,

the current pulses cause Joule heating inside the magnet system, which leads to mag-

net thermal expansion and this makes the sample that is mounted on it move relative

to the spot. One way to counter this heating effect is to wait until thermal equilib-

rium is reached before running measurements. Another solution is to use waveforms

that consist of rare signal pulses that are separated by zero-current gaps during which

the magnet has enough time to dissipate most of the heat accumulated during the

precedent field pulse. Either solution was found to work. Removing the thermal and

mechanical drift is especially important when dealing with nanowires, because even

slight (� 1 µm) spot movement in a direction perpendicular to the nanowire can

move the spot off the nanowire.

The velocity-field characteristic of the nanowire domain wall doesn’t say any-

thing about the magnetization distribution inside the moving domain wall or about

what causes the mobility ”breakdown”. One of the goals of this section is to clarify

these questions by constructing a model of a moving domain wall.

The best starting point for such a model is probably the static domain wall.

Static domain walls in thin Py films have been extensively studied both experimentally

and numerically. It is a well established fact that Permalloy films with thickness

below 30nm have Néel-type domain walls [34,71]. This is due to the fact that at

thicknesses below this value, the out-of-plane magnetometric demagnetizing factor of

the film becomes so large that it is energetically unfavorable to have a perpendicular
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component of the magnetization. The Py nanowire studied in this experiment has a

thickness of 20 nm, which suggests that the domain wall within the nanowire is of

Néel type. Indeed, a numerical simulation of a 20 nm thick, 600 nm wide nanowire

in zero driving field, done with the LLG micromagnetic simulator [35] demonstrates

the existence of a Néel-type domain wall within the nanowire (Fig. 3.9)

Let’s start with a domain wall that has an in-plane (Néel) configuration in

zero driving field (similar to the domain wall in Fig. 3.9) and suppose we apply a

constant magnetic field ~Ha along the nanowire axis (like in Fig. 3.10). According to

the LLG equation, a torque ~Ha × ~M will be exerted on the wall magnetic moments.

The direction of the torque is normal to the sample plane, therefore the wall magnetic

moments start precessing about ~Ha and cant out of the sample plane. This canting

induces a demagnetizing field perpendicular to the film surface, in a direction opposite

to the out-of-plane component of ~M .

The demagnetizing field exerts a torque ~Hdem × ~M on the wall magnetic mo-

ments and the effect of this demagnetizing torque is spin precession about the sample

normal, which is equivalent to displacement of the domain wall along the nanowire.

This analysis explains qualitatively the experimentally established fact that a

magnetic field can displace a domain wall within a nanowire. To make a quantitative

Figure 3.9: Numerical simulation of the static magnetization of a 20nm thick, 600nm
wide Permalloy nanowire. The magnetization direction is indicated by arrows.
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connection between the domain wall velocity and the driving field value we need a

more detailed analysis. In what follows a model of a moving domain wall is presented.

The model is based on two approximations:

- first it is assumed that the wall is symmetric and of transverse type and

that the wall canting angle θ is small (θ � 90◦). Because of spatial symmetry, the

wall anisotropy energy density is maximum at the static (in-plane) spin orientation,

therefore, to a first approximation, small-angle wall canting does not significantly

impact the effective anisotropy constant Keff that enters the wall width formula:

∆ = π
√

A/Keff , where Keff = K +2πDMs
2 [30]. K is the anisotropy energy density

of the large-area film (the anisotropy field is ∼ 5 Oe for this sample) and D is the

Figure 3.10: The magnetization distribution inside a nanowire domain wall, with and
without an applied magnetic field.
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nanowire magnetometric demagnetizing factor in the in-plane transverse direction.

For this nanowire, the corresponding demagnetizing field is ∼ 500 Oe, much bigger

than the film anisotropy field, so that the latter can be neglected.

- the second assumption is that the domain wall is rigid in the sense that

although it cants, it does not change its width or configuration (as shown in Fig. 3.10).

This assumption can be justified as follows. In a static domain wall, the magnetization

direction changes by 180◦ from one wall end to the other. This 180◦ change in angle is

much bigger than the small canting angle of the moving wall in this model, therefore

the direction cosines and their spatial derivatives that enter the expression for the

wall exchange energy density Eex = A
M2 |∇ ~M |2 will not change significantly compared

to the static wall case. As explained already, the anisotropy energy density of the

wall is also unchanged. Since both the anisotropy and the exchange energy densities

do not change when the wall cants, the wall can be assumed ”rigid” and can be

described by a single transverse magnetic moment ~M . The domain wall width is

∆ = π
√

A/2πDMs
2. ∆ is assumed constant in this model because during small wall

canting the transverse magnetization component stays (approximately) the same.

We can now proceed to analyze the dynamics of this domain wall. The starting

point is the magnetization dynamics (LLG) formula:

d ~M

dt
= −γ ~M × ~Heff + α

~M × d ~M
dt

M
(3.1)

where ~Heff is the effective magnetic field.

In eq. (3.1), ~M is the magnetic moment of the wall. Eq. (3.1) is valid in this

model only for an infinitesimal time, during which ~M barely has time to rotate. This

infinitesimal time condition is necessary, because ~M is assumed transverse.
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When a constant magnetic field ~Ha is applied along the nanowire, the wall

moves at a certain speed v and has a canting angle θ. The effective magnetic

field is ~Heff = ~Ha + ~Hdem, where ~Hdem is the demagnetizing field. Referring to

the coordinate system in Fig. 3.11, the demagnetizing field can be written as:

~Hdem = −DzMsin(θ)ẑ − DyMcos(θ)ŷ, where Dz and Dy are the nanowire mag-

netometric demagnetizing factors in the z and y directions respectively. According

to [36], Dz can be approximated to 1; similarly, Dy � Dz and therefore Dy will be

Figure 3.11: Representation of the magnetization, demagnetizing field and various
torques that act on the domain wall magnetic moment.
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neglected. ~Heff becomes:

~Heff = ~Ha −Msinθẑ (3.2)

After substituting ~Heff from Eq. (3.2), the first term in the right-hand side of

the LLG equation (Eq. (3.1)) becomes:

−γ ~M× ~Heff = (−γ)M2sinθcosθx̂+(−γ)(−MHasinθ)ŷ+(−γ)(−MHacosθ)ẑ (3.3)

For infinitesimal time intervals, the time rate of change of the wall magnetic

moment is equal to the time rate of change of the magnetization vector at the wall

center and therefore we can express d ~M
dt

as:

d ~M

dt
=

∂ ~M

∂~r
· ∂~r

∂t
(3.4)

where ∂ ~M
∂~r

is the spatial rate of change of the magnetization vector inside the

wall at the wall center. The exact expression of ∂ ~M
∂~r

depends on the wall type. For

a typical Néel wall with a hyperbolic tangent wall profile [28], the longitudinal com-

ponent of ~M is Mx = Mstanh(x/∆), where x is a coordinate along the nanowire and

x=0 at the center of the wall. In this case:

∂ ~M

∂~r
=

dMx

dx
=

d(Mstanh(x/∆))

dx
= (3.5)

=
Ms

∆
(1− tanh2(x/∆)) =

Ms

∆
(3.6)

where tanh(x/∆) was evaluated at the wall center (x=0).

In Eq. (3.4),
∂~r
∂t is the time rate of change of the wall location, in other words
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the wall velocity:
∂~r
∂t=~v. Eq. (3.4) then becomes:

d ~M

dt
=

M

∆
· ~v =

M

∆
v · x̂ (3.7)

After substituting
d ~M
dt from Eq. (3.7) and using the scalar components to

express ~M = Msin(θ)ẑ +Mcos(θ)ŷ, the damping term in the LLG equation becomes

after a few simple calculations:

α
~M × d ~M

dt

M
=

αM

∆
vsinθŷ +

αM

∆
vcosθẑ (3.8)

After substituting Eq. (3.3), Eq. (3.7) and Eq. (3.8) in Eq. (3.1) and separat-

ing the 3 scalar components we find:

M

∆
v = −γM2sinθcosθ (3.9)

0 = γMHasinθ +
αM

∆
vsinθ (3.10)

0 = γMHacosθ +
αM

∆
vcosθ (3.11)

Eq. (3.9) is equivalent to:

sin(2θ) = −2Ha

αM
(3.12)

while Eq. (3.11) can be simplified:

v =
γ∆

α
Ha = µHa (3.13)

Eq. (3.13) says that the domain wall velocity is proportional to the driving field
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and the domain wall width. It is valid [37] for the most general type of domain walls.

The derivation in [37] is based on the principle of energy conservation, which says that

the wall velocity is established by the dynamic balance between the electromagnetic

energy absorbed from the field and the energy dissipated through damping during

wall motion.

Using a typical damping constant value for Py, α = 0.02 and assuming ∆ =

50 nm, we get for the mobility µ = 40m/s/Oe, in reasonable agreement with the

low-field mobility values measured in this experiment.

The model can also predict the dependence of the wall velocity on the nanowire

width and thickness. According to Eq. (3.13), the wall velocity is proportional to

the wall width, which is a function of the transverse demagnetizing factor D of the

nanowire:

∆ = π
√

A/Keff ' π
√

A/2πDMs
2 (3.14)

For an infinitely long nanowire, D is given by [36]:

D = 1− 1

π

[
1− p2

2p
ln(1 + p2) + plnp + 2arctan

(
1

p

)]
(3.15)

where p is the ratio between the thickness and the width of the nanowire.

Since this ratio is 20nm
600nm

∼.03, it makes sense to calculate the asymptotic equivalent

for p → 0 of the expression on the right-hand side of Eq. (3.15) in order to find a

simpler dependence of D on p. A straightforward calculation shows that D ∼ p when

p � 1, therefore D ∼ thickness
width

and substituting D in Eq. (3.14):

∆ = π
√

A/2πDMs
2 = constant×

√
width

thickness
(3.16)
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Eq. (3.16) is in good agreement with numerical simulations of Py nanowires

published in [30].

Eq. (3.12) was derived in a small canting-angle approximation, however it can

still be used for any canting angle if we allow the wall width ∆ to vary. The value of

the canting angle is the outcome of a balance between the damping torque and the

driving field torque (Fig. 3.11). The driving field torque has the tendency to move

the wall plane (π in Fig. 3.11) away from the Néel (in-plane) configuration, while the

damping torque tends to push the wall back to the Néel configuration. The driving

field torque is directly proportional to the driving field magnitude Ha and can be

arbitrarily large. On the other hand, the damping torque is proportional to sin(2θ)

and therefore has an upper limit given by sin(2θ) = 1. When the damping torque

reaches this upper limit, it cannot counter the driving torque effect any more and the

wall cants past θ = 45◦ and keeps precessing about the driving field. As soon as the

wall becomes of Bloch type (θ = 90◦), the demagnetizing torque flips sign and starts

pushing the wall in the opposite direction. When θ = 180◦, the wall is again of Néel

type (but of opposite spin orientation) and the above sequence starts over again. In

this precessional regime the average wall speed is expected to be smaller than in the

steady-state translational regime. An estimate of the wall velocity in this precessional

regime based on the above model (and shown in Appendix B) gives:

v =
γ∆av

α + 1
α

Ha (3.17)

where ∆av is the wall width averaged over all possible canting angles.

Eq. (3.17) can also be derived starting from energy conservation considerations;

it was shown [37] to be the lower limit (”hard-wall” limit) of a general domain wall
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velocity. In this precessional regime, most of the electromagnetic energy supplied by

the field is dissipated through wall precession and only a small part is left to wall

motion.

Although it assumes a transverse wall configuration, the rigid wall model is

still conceptually valid for vortex-type domain walls. The connection between the

two wall types resides in the fact that a moving vortex wall can be approximated by

two transverse walls that propagate side by side. A non-trivial task however would

be to calculate their corresponding demagnetizing factors.

In this model, the wall mobility drops when the wall enters the precessional

regime described above. The breakdown field is given by sin(2θ) = 1. By setting

sin(2θ) = 1, α = 0.02 and Ms = 8000 Oe in eq. (3.12) we can get an estimate of the

breakdown field, Hc ∼ 80 Oe. This value is more than an order of magnitude greater

than the measured breakdown field, which is ∼ 4 Oe. Therefore this model is only in

partial agreement with the experimental results. The most important question that

it leaves unanswered is the high value it predicts for the breakdown field.

3.3 Discussion

Surprisingly, micromagnetic simulations of thin Permalloy nanowires [29] show

a wall dynamic behavior that is in somewhat better agreement with our experimental

data. The original numerical calculations [29] used the public OOMF micromagnetic

code and the results are illustrated here with equivalent numerical simulations that

use the LLG micromagnetic code [35]. Simulations in Figs. 3.12 and 3.13 are done

on a nanowire of 200 nm width and 5 nm thickness.

According to the numerical simulations, when a magnetic field below a thresh-
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old value is applied, the wall accelerates during the first several nanoseconds and then

reaches a steady velocity, as Fig. 3.12 shows. The wall velocity and structure do not

change for as long as the field is present and the steady-state velocity is found to be

proportional to the driving field.

If the magnetic field is above the threshold value, the wall dynamics changes:

at first the wall accelerates to a steady velocity, but after a few nanoseconds of steady-

state motion a magnetization anti-vortex develops near the nanowire edge, as Fig.

3.13 shows. After the creation of the anti-vortex, the wall practically stops moving.

The anti-vortex is a topologically stable structure that cannot vanish into a uniform

magnetization inside the wall; instead, it moves along the wall towards the other

Figure 3.12: Results of numerical simulations of the time-dependence of the domain wall
velocity in a Permalloy nanowire at an applied field H=5Oe, below the breakdown.
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edge of the nanowire, where it vanishes. The wall then starts moving again, reaches

steady-state motion, a new anti-vortex is generated and so on. The threshold field

value was termed ”breakdown field” because above this field the steady-state solution

for the wall motion breaks down and is replaced by oscillatory motion.

The explanation provided in [29] for the anti-vortex creation is the following:

because of the V-shape structure of the transverse wall, spin precession about the

driving field is enhanced at the corner of the V due to exchange interaction, which

favors the development of an anti-vortex. The domain wall propagates very slowly

when the anti-vortex is present because most of the torque supplied by the field is

absorbed by the anti-vortex motion.

The breakdown field of ∼ 12 Oe predicted by numerical simulations is close

Figure 3.13: Results of numerical simulations of the time-dependence of the domain wall
velocity in a Permalloy nanowire at an applied field H=20Oe, above the breakdown.
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to our experimental value, which suggests that the rigid wall model is only valid at

small canting angles, the way it was designed. At larger angles, the system prefers to

dissipate energy through anti-vortex creation and propagation rather than through

smooth wall translation.

According to [29], the anti-vortex generation is suppressed if the nanowire

edges are rough ([29] also calculates the minimum edge roughness, about 7nm). If

this mechanism is confirmed, then the rigid wall model might be valid beyond the

small angle approximation for nanowires with rough edges. The only adjustment that

would be needed is a new expression for the wall width, which is now a function of

the canting angle (and the driving field) at large canting angles.

The Kerr transients measured during the nanowire domain wall propagation

show an unusual width broadening at certain field values. The width of the Kerr

transient is defined as the full-width of the Gaussian profile that corresponds to the

(error function) fit of the transient. As Fig. 3.14 illustrates, the Kerr transient width

at a field of 6.8 Oe (just above the breakdown field) is about 4 times broader than the

transient at 38 Oe. The average domain velocity measured at both fields is practically

the same. If the domain walls were to propagate at a constant velocity vavg at each

field cycle, then the transient width would simply be τ=
d

vavg
, where d is the laser

spot diameter, assumed constant during the entire experiment and no broadening

would occur. Time oscillations of the instantaneous wall speed must be assumed in

order to explain the different values obtained for the transient widths at equal average

velocities.

There are 2 features of this oscillatory motion that can help find an explanation:

1) the spatial scale of the wall oscillations. If this scale was smaller than the

spot diameter, then it would be impossible to detect any effect of wall oscillations, such
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as broadening. Therefore a first conclusion is that the amplitude of wall oscillations

is comparable to the spot size.

2) besides amplitude, an oscillatory motion is described by a phase. Wall

oscillations can either have a coherent phase throughout the entire length of the

Figure 3.14: Illustration of transient broadening in the MOKE signal at several applied
fields.
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nanowire, or the phase can be erratic (like in the case of random generation of anti-

vortices). If the phase is coherent and, moreover, the initial phase is the same for all

injected domain walls, then the averaged Kerr transient would have the same shape

as a single-sweep transient, in which case the transient width would display spatial

Figure 3.15: Dependence of transient broadening ratios in the MOKE signal on the
applied field at several laser spot locations.
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oscillations that correspond to maxima and minima of the wall velocities at given spot

locations. This is easy to visualize by assuming that the wall oscillations amplitude

is much bigger than the spot size. In this case, there would be certain positions

on the nanowire where the velocity is minimum and between those positions there

would be locations where the wall velocities have maximum values. But this kind of

spatial oscillations are not observed here, therefore the wall oscillation phase cannot

be coherent.

In the case of an erratic-phase oscillatory motion, the transients are broadened

relative to the linear velocity case and the broadening is the same at all spot locations,

consistent with the observed behavior. Moreover, if the amplitude of these oscillations

is field-dependent as expected, the broadening ratio will also be field-dependent, just

like in Fig. 3.15.

An added contribution to the broadening can come from the initial phase of

the wall oscillation. If the wall develops anti-vortices before being launched, then

an extra broadening equal to the period of the anti-vortex generation is added to all

transients. The simulation in Fig. 3.13 suggests that this period is ∼ 20 ns. The

measured broadening however is in the 100 ns range, therefore this ”jitter” effect is

not expected to have a significant contribution.

Elucidating the mechanism of wall injection into the nanowire might be useful

for future studies. In [38] a model is presented for the magnetization reversal of a

Permalloy nanowire closed at both ends. Upon applying a reversed field along a

saturated nanowire, a small reversed domain is nucleated through coherent rotation

near one end of the nanowire and subsequently the domain wall that separates the

reversed domain from the rest of the nanowire propagates and accomplishes the full

nanowire reversal. The study reveals an inverse proportionality between the reversal
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field and the nanowire width and reports for a nanowire that has the same width and

thickness as the one studied here a reversal field of ∼ 100 Oe. It can be speculated

that our open-end nanowire reverses through a similar mechanism; in this case the

nucleation of a reversed domain near the neck of the nanowire would simultaneously

annihilate the pinned wall and nucleate a second wall inside the nanowire. The

injection field for our open-end nanowire is only 23 Oe. However, if the above analogy

is correct, then the difference in the reversal fields of the open-end and closed-end

nanowires might be accounted for by the greater value of ∇ ~M near the pinned wall

compared to ∇ ~M near the end of a closed-end nanowire; this would increase the

demagnetizing field in the open-end nanowire and trigger the wall injection at a lower

field.
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3.4 Conclusions

A high-bandwidth magneto-optical Kerr effect polarimeter has been used to

study the dynamics of domain wall propagation in Permalloy nanowires. The po-

larimeter has demonstrated adequate spatial and temporal resolutions to resolve do-

main wall dynamics with submicrometer resolution and speeds above 100 m/s.

The domain wall dynamics in Permalloy nanowires is characterized by two

different regimes: steady-state wall motion defined by a linear velocity-field charac-

teristic below a threshold field and turbulent wall motion above the threshold. The

turbulent regime is probably effected by the development of domain wall anti-vortices

that open a new channel for energy dissipation.

An analytic model has been proposed for the low-field domain wall propagation

dynamics. The model assumes a transverse and rigid domain wall and is in good

agreement with the experimental data.
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Chapter 4

Dynamic scaling of magnetic

energy losses in thin Permalloy

films and microstructures

4.1 Introduction

Hysteresis is a familiar phenomenon in non-linear systems driven by periodic

external perturbations; it is encountered in many branches of science and technology

including physics, mechanics and biology. Magnetic hysteresis in particular is common

in ferromagnetic materials and is associated with magnetic energy losses that are

measured by the area of the magnetic hysteresis loop.

Understanding the dependence of the magnetic energy loss on the drive field

parameters (frequency and amplitude) has been a goal since C. P. Steinmetz [41]

found that at low field frequencies (∼100 Hz) bulk iron dissipates per field cycle an

amount of energy that is proportional to H1.6
0 , where H0 is the amplitude of the
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sinusoidal applied magnetic field. This result was published in 1892 and the fact

that the hysteresis energy losses could obey such a simple scaling law was considered

quite astonishing at that time, given that even the most basic law of magnetism -

the dependence of the magnetization on the applied field - had defied all attempts of

mathematical formulation.

Measurements of the dynamic scaling of hysteretic energy losses at high fre-

quencies can be useful for high-speed data storage technology because they make a

connection between the coercivity of the magnetic recording media and the time scale

of the magnetization reversal. From a more fundamental point of view, such mea-

surements provide a test for universality hypotheses and help construct scale-invariant

descriptions of the energy dissipated per field cycle as a function of the driving field

parameters and other intrinsic parameters like anisotropy and sample dimensionality.

The interest in the dynamic scaling of hysteresis in thin films has been revived

by two studies that proposed an analytically tractable model of ferromagnetic hys-

teresis based on two- and three-dimensional Landau-Ginzburg-Wilson models [42,43].

These models and other recent experimental and theoretical studies [44-57] have

shown that for a thin ferromagnetic film driven by a sinusoidal magnetic field the

area A of a mature hysteresis loop obeys the power law:

A ∼ Hα
0 ωβT−γ (4.1)

where H0 and ω are the driving field amplitude and angular frequency, T is the

absolute temperature of the film and α, β and γ are scaling exponents that depend

on the dimensionality and the symmetries of the system.

Table 4.1 shows values obtained previously for the scaling exponents in Eq.
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(4.1); the table is expanded from ref. [53]. In table 4.1, Φ2 designates the Landau-

Ginzburg-Wilson model and the superscripts identify the order of the approximation;

MC refers to Monte Carlo simulations.

α β Ref.

Experiments
Ni80Fe20/GaAs(001) .14 .5 [58]
Ni80Fe20/Si(001) .9 .8 [59]
Fe/Au(001) .59 .31 [47]
Co/Cu(100) .67 .66 [48]
Fe/W(110) .25 .028-.093 [53]
Fe/W(110) .25 .05 [54]
Co/Cu(001) .15 .02 [54]

Continuum models

3D (Φ2)
3

2/3 1/3 [43]

3D (Φ2)
2

2/3 1/3 [42]

2D (Φ2)
2

.47 .4 [51]
” 1/2 1/2 [57]
3D O(N) 1/2 1/2 [44,46]

Ising models
3D(MC) .67 .45 [45]
2D(MC) .7 .36 [45]
” .46 .36 [49]
” 2/3 2/3 [50]
Table 4.1: Calculated and measured values for the scaling exponents
α and β in Eq. (4.1).
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Ideally all values reported for α and β for similar systems should be the same.

As we can see from table 4.1 however, the dynamic scaling of hysteresis is far from

being a settled issue. The main unresolved questions are:

- the universality of the scaling exponents α and β. The existence of para-

meters that are independent of microscopic details is a particularly interesting topic

and theoretical models of hysteresis predict that systems characterized by the same

dimensionality and spatial symmetries should have the same scaling exponents [42-

44,46,50]. Experiments on the other hand find that the scaling exponents depend not

just on the dimensionality and spatial symmetry, but also on the choice of system

[47,48,53,54,58,59];

- some theoretical models suggest that α = β [44,46,50,57], but several exper-

iments disagree [47,53,54,58];

- theoretical studies that analyze the scaling of magnetic hysteresis starting

from kinetic Ising models [60,61] conclude that the area of the magnetic hysteresis

loop has a logarithmic (rather than power-law) dependence on the field parameters,

i.e. A ∼ −[log(H0ω)]−1, in disagreement with other models and most experiments.

Previous experimental studies of the dynamic scaling of magnetic energy losses

have one drawback in common: the range of driving field parameters (frequency and

amplitude) is very narrow (usually limited to one or two decades) and that can lead

to incorrect conclusions, as it will be demonstrated. This chapter describes the first

experiment that measures the dynamic scaling of magnetic energy losses over a wide

range of field frequencies (∼9 decades) in thin Permalloy films and microstructures.

The results suggest a magnetic energy loss scaling law that is different from equation

Eq. (4.1) and is shown to be in agreement with a model of magnetization reversal

based on domain wall motion.
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4.2 Experiment

Polycrystalline Ni80Fe20 (Permalloy) films of 30 nm thickness were deposited at

room temperature by sputtering and by vacuum evaporation on high-quality commercially-

polished Si(100)±0.5◦ wafers with a 10 nm SiO2 passivation layer. Both the sputtered

and the evaporated films were grown in a static magnetic field (∼100 Oe) applied

parallel to the film substrate in order to induce uniaxial anisotropy. The vacuum-

evaporated film was grown from a W molecular-beam epitaxy cell by electron-beam

evaporation at a base pressure of 10−9 Torr and a growth rate of ∼ 5 Å/min. The

film was capped with a 5 nm Au layer for protection against oxidation. The film

stoichiometry was checked by Auger electron spectroscopy and the thickness calibra-

tion was confirmed by atomic force microscopy. 50 × 50 µm microstructures were

fabricated by standard e-beam lithography from the evaporated large-area Permalloy

film. A trilayer 5nm Ta/30nm Py/5nm Ta was grown by dc magnetron sputtering

and 20 × 40 µm microstructures were fabricated by standard e-beam lithography

from the sputtered large-area film.

Measurements of the dynamic scaling of magnetic energy losses were performed

on both the sputtered and the evaporated Permalloy films and microstructures at

room temperature by recording magnetic hysteresis loops over a wide frequency range.

The hysteresis loops were recorded using the high-bandwidth magneto-optical Kerr

effect polarimeter described in chapter 2. The samples were attached to custom-made

mounting pieces that were secured to the magnet system such that the anisotropy axes

were aligned with the direction of the applied magnetic field. To check this alignment,

low-frequency hysteresis loops were recorded for different angular orientations of the

sample substrate with respect to the magnet wire. In order to maximize the magnetic
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field value at the sample, the substrate must be as close as possible to the magnet

wire. The distance between the magnet wire and the sample was checked with the

Kerr microscope.

The polarimeter was configured for differential MOKE detection in longitudi-

nal geometry. The incident beam is linearly polarized with the polarization plane

perpendicular to the plane of incidence so that only the longitudinal component of

the magnetization is detected. Any residual signal produced by the transverse com-

ponent of the magnetization (which translates into an amplitude modulation of the

reflected beam) is canceled due to differential detection.

All samples were driven to saturation with sinusoidal magnetic fields with a

constant 50 Oe amplitude and frequencies covering about 9 decades (from 10 mHz

to 7 MHz). Different MOKE signal detection strategies were used for high- and

low-frequencies:

a) at high frequencies (above 100 Hz), photomultiplier tubes (Hamamatsu

R1809, rise time < 0.8 ns) and 350 MHz-bandwidth pre-amplifiers (Stanford Research

Systems SIM 914) were used for MOKE signal detection. The pre-amplifier outputs

were processed by a LeCroy differential amplifier probe with a 500 MHz bandwidth.

b) at frequencies below 100 Hz, the MOKE signal was detected using small-area

silicon photodetectors (New Focus 1621, 200 kHz bandwidth) coupled to a low-noise

differential amplifier (Stanford Research Systems 560). The output signal from ampli-

fiers/differential probe was digitized by an 8 bit, 1 GHz bandwidth digital oscilloscope

(LeCroy Wavepro 960). The magnetic drive signal was measured with a 200 MHz

passive inductive current monitor (Pearson 2878) at frequencies above 10 kHz and

with an active current probe (LeCroy AP015) attached directly to the oscilloscope at

lower frequencies.
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The electromagnetic signals that carry the MOKE and the drive signal (along

BNC cables, amplifiers etc.) need a certain time to propagate between the sample

(where they are generated) and the oscilloscope (where they are measured). As

these two propagation times are not necessarily equal, there is in general a time

delay between the two signals that can significantly change the area of the recorded

hysteresis loop.

An optical device (shown in Fig. 4.1) was built that can measure the time delay

between the MOKE and the drive signal. Its main component is a glass cube with a

high Verdet constant (MOS-04, V ∼ 87 rad/Tm). When the glass cube is subjected

Figure 4.1: Illustration of the Faraday effect in the optical device used for measurements
of the time delay between the MOKE and the drive signals. The beam rotates its
plane of polarization by an angle ΦF proportional to the magnetic field applied to the
Faraday cube.
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to the field of the magnet wire, it behaves like a Faraday rotator: a linearly polarized

laser beam that propagates inside the cube along the magnetic field lines will rotate

its plane of polarization by an angle proportional to the magnetic field intensity.

The device is mounted on the magnet system and the magneto-optical Faraday effect

signal is recorded. Fig. 4.2 shows the magneto-optical Faraday signal and the drive

(field) signal measured using this device. The time delay between the two signals

is due exclusively to the different signal propagation times. Because this time delay

is small (a few nanoseconds), low-frequency hysteresis loops are not distorted by it.

However, at the highest frequencies used in this experiment (∼7 MHz), a time delay

Figure 4.2: Plots of the field and magneto-optical Faraday signal measured with the
Faraday glass cube. The time lag between the two signals is due to the different
propagation times of the MOKE and drive signals.
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of a nanosecond (which is equivalent to ∼ 8 inches of BNC cable) can change the

hysteresis loop area by ∼20%. After measuring it, the time delay was checked by

estimating the propagation time of the two signals (i.e. by adding the propagation

times along BNC cables, amplifiers etc.).

Hysteresis loops recorded on the evaporated film and microstructure at several

applied field frequencies are shown in Fig. 4.3. An increase in sample coercivity and

Figure 4.3: Hysteresis loops of large-area evaporated film and evaporated microstruc-
ture at several frequencies. The loops are averaged over multiple sweeps and show
the variation of H∗

c as the drive frequency is changed. The drive-field amplitude was
maintained at approximately 50 Oe. Each loop contains 300 points and the temporal
resolution exceeds the sampling time between points by a factor of 10 or more at all
frequencies. The SQUID measurements show the easy- and hard-axis hysteresis loop
of the sputtered film. The MFM image shows a domain pattern in zero-field of the
30 nm thick evaporated film microstructure.
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hysteresis loop area with frequency can be clearly seen. For all loops, the Kerr effect

signal is proportional to the longitudinal component of the sample magnetization

averaged over the region covered by the laser spot. Direct integration of the Biot-

Savart law shows that the applied field is homogenous within 1% over the sample

region covered by the laser spot and also proves that the skin effect (which makes the

applied field intensity a function of the field frequency) has a negligible effect. The

focused laser spot has a diameter on the sample of ∼ 50µm for all measurements.

A plot of the dynamic coercive field Hc
∗ as a function of the field sweep rate

dH/dt for all 4 samples is shown in Fig. 4.4. The frequency of the applied field ranges

from 10 mHz to 1 MHz. The energy loss scaling of all 4 samples can be described

Figure 4.4: Variation of H∗
c as a function of dH/dt for four permalloy samples: sputtered

film microstructures (20×40 µm •) and large parent film (2 mm×2 mm ◦); and
evaporated film microstructures from same parent film (50×50 µm , 100×150 µm
4). Upper two curves offset by 5 Oe for clear presentation. The inset displays values
for the best-fit scaling parameters in eq. (4.2).
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over the entire frequency range by a scaling function that has the form:

Hc
∗ = A0 + K

(
dH

dt

)α

(4.2)

where the constants A0, K and α will be later shown to be related to the static

coercivity Hc, the domain wall mobility µ, the density of nucleation sites ρ and

a parameter q that describes the dependence of the domain wall velocity on the

applied field. It is evident that the data cannot be fitted with the scaling law A ∼

Hα
0 ωβT−γ over the entire frequency range, although ”effective” scaling exponents can

be obtained by fitting the data over a narrower range of 1 or 2 decades [48,58].

The data in Fig. 4.4 were taken using the low-bandwidth magnet system,

which has a high-frequency 3db point of ∼1 MHz. After the polarimeter bandwidth

Figure 4.5: Variation of H∗
c as a function of dH/dt for a 10 µm × 15 µm, 30 nm thick

Permalloy microstructure. The inset displays values for the best-fit scaling parameters
in Eq. (4.2).
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was extended and a second (high-bandwidth) magnet system was built the scaling

experiment was repeated at higher frequencies, in the frequency range 1Hz - 7MHz.

The measurements were performed on a 10µm × 15µm Permalloy microstructure

fabricated by focused ion beam milling from a sputtered Permalloy film of 30 nm

thickness. Fig. 4.5 shows a plot of the dynamic coercive field Hc
∗ as a function of

the field sweep rate dH/dt for the focused ion beam-milled Permalloy microstructure.

The error bars (due to the uncertainty in the measured time delay between the two

signals) are proportional to the field frequency and therefore are very large at high

frequencies. The data were fitted with the shifted power-law scaling function Eq.

(4.2) over a wide frequency range (1 Hz-2 MHz), but trying to fit it over the entire

frequency range covered in this experiment (1 Hz-7 MHz) yields poor results. An

interpretation of this interesting fact will be proposed in the discussion section.

The experiment demonstrates that all measured samples display two regimes

of magnetic energy loss scaling:

a) a low-frequency (”adiabatic”) regime where the hysteretic energy loss is

independent of field frequency;

b) a high-frequency regime where the hysteretic energy loss increases monoton-

ically with the field frequency.

Before examining in better detail the experimental results, we need to evaluate

and rule out several possible artifacts that might affect the measurements. First,

several mechanisms that can lead to sample heating will be discussed:

a) because of its finite resistance, the magnet wire experiences Joule heating.

This effect should be carefully considered since the sample substrate is in contact with

the magnet wire and especially because at high field frequencies the wire resistance

becomes proportional to the frequency due to the skin effect. For a current amplitude
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of 8 A and a frequency of 7 MHz (the maximum values used in this experiment), the

increase in wire temperature is estimated at∼2 K, which can be assumed insignificant.

b) the hysteresis energy losses (proportional to the hysteresis loop area) can

also lead to sample heating. An estimate yields for the power dissipated per unit

film area P
A
≈ 4 · d · f ·M ·Hc, where d is the film thickness, f is the field frequency

and M and Hc are the magnitude of the film magnetization and the average coercive

field respectively. At a frequency of 7 MHz, a 30 nm-thick Permalloy film with 20 Oe

coercive field dissipates approximately 1mW/m2, an insignificant value.

c) the samples experience local heating due to laser light absorption. Direct

measurement of this effect is difficult, however it can be estimated theoretically [17].

Assuming that 1% of the 50 mW incident laser beam is absorbed by the sample, the

maximum local temperature increase is only ∼ 0.1 K for a spot diameter of 50 µm.

The main goal of this experiment is to understand the scaling of the magnetic

energy losses with the field frequency, therefore we first need to make sure that mag-

netization relaxation is the only energy dissipation mechanism during magnetization

reversal. As we know, magnetization reversal starts with nucleation of reversed mag-

netic domains followed by domain wall motion that completes the reversal. Moving

domain walls generate eddy currents caused by the fast changes in magnetic flux

generated by the rapid rotation of the spins inside the domain wall. It can be shown

[4] that in a ferromagnetic film eddy currents dissipate an amount of power per unit

volume equal to:

P =
1

2
σd2

(
dB

dt

)2

(4.3)

where σ is the film conductivity and d is the film thickness. In the presence of eddy

currents, the hysteresis loop area increases by an amount equal to the energy lost
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through eddy-current Joule heating. According to Eq. 4.3, this effect is proportional

to the film thickness squared, therefore is expected to be negligible below a certain

thickness. We need to carefully evaluate this contribution and make sure that it is

small compared to the magnetic energy losses in our samples. We will estimate the

domain wall mobility µe in the limit where eddy-currents are the dominant dissipation

mechanism and require that µe is much larger than the wall mobility µm calculated

in the limit where magnetic energy losses are the dominant dissipation mechanism.

By setting the power dissipated by eddy-currents equal to the power supplied by the

magnetic field an expression can be found for µe [62]:

v =

(
π2τc2

32Bsd

)
H = µeH (4.4)

where τ is the film resistivity, Bs is the saturation magnetization and d is the film

thickness. Assuming µm ∼ 25 Oe/s (the value measured in the experiment described

in chapter 3 for 20nm thick Permalloy nanowires), we find that at a film thickness d ≈

5µm eddy currents and spin relaxation have (roughly) equal contributions towards the

total energy dissipated during reversal. Menyuk [63] measured the hysteretic losses

in 4-79 molybdenum-Permalloy (a 4% molybdenum, 79% nickel, 17% iron alloy) films

and concluded that at a 3 µm thickness the eddy-current contribution toward the

overall energy losses is less than 10% at room temperature. We can conclude therefore

that in 30nm thick Permalloy films the eddy-current contribution can be neglected,

such that all the energy losses are due to spin relaxation.

4.3 Discussion

The scaling law Eq. (4.2) can be obtained as the solution of an analytical
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model of the magnetization reversal of a ferromagnetic film driven by a sawtooth

magnetic field [64,65]:

H(t) = −H0 + h0t (4.5)

The model assumes that the film is driven to saturation during each field

cycle and switches magnetization through nucleation of reversed magnetic domains

at a field value Hdp (the depinning field), followed by expansion of reversed domains

through domain wall motion. The domain wall velocity is assumed to be a function

of the applied field H:

v(H) =


0 H < Hdp

µ(H −Hdp)
q H ≥ Hdp

(4.6)

,where µ is the domain wall mobility and q is a positive constant.

For simplicity, the reversed domains are assumed circular. If the radius r

of a reversed domain increases by dr, then the change in the normalized sample

magnetization is:

dm = 4πρrdr (4.7)

To saturate the film, the domain walls have to move an average distance rs =

1/
√

ρ (the saturation length). The effect of overlapping between magnetic domains

is taken into account by assuming dm ∼ (rs − r), where the proportionality constant

is found by setting
∫ 1
−1 dm = 2. The differential magnetization becomes:

dm = 12ρ−
3
2 r(rs − r)dr (4.8)

dm can be integrated to find an expression for the normalized magnetization as a
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function of domain radius:

m(r) = −1 + 2ρ
3
2 r2(3rs − 2r) (4.9)

To express m as a function of the applied field H, the dependence r(H) must be

found and substituted in Eq. (4.9). r(H) can be found by integrating dr = v(H)dt,

where v(H) is the domain wall velocity and dt can be expressed as dt = dH/h0.

It follows that dr = (v(H)/h0)dH and after substituting v(H) and performing the

integration over H, an expression is found for r(H):

r(H) =


0 H < Hdp

µ
(q+1)h0

(H −Hdp)
q+1 H ≥ Hdp,

rs H > Hs

The dynamic coercive field Hc
∗ is defined by m(Hc

∗) = 0, which is equivalent

to m(rc) = 0, where rc is the critical domain radius (the radius of a reversed domain

when the magnetization changes sign). rc can be calculated by setting
∫ 0
−1 dm = 1,

or:

1 =
∫ rc

0
12ρ−

3
2 r(rs − r)dr (4.11)

,which becomes after integration:

1 =
2

r3
s

(3rsrc
2 − 2rc

3) (4.12)

Eq. (4.12) has a single solution: rc = rs

2
. r(H) = rs/2 has a solution H = Hc

∗

given by:

Hc
∗ = Hdp + q+1

√√√√(q + 1)h0

2µ
√

ρ
= A0 + K

(
dH

dt

)α

(4.13)
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where A0 = Hdp, K = q+1

√
(q+1)h0

2µ
√

ρ
and α = 1/(q + 1).

The hysteresis loop measurements were done by applying sinusoidal waveforms,

however as long as H∗
c � H0 we can write dH

dt
(H = H∗

c ) ' dH
dt

(H = 0) = ωH0 and

the sinusoidal waveform can be approximated by the sawtooth waveform used in the

model. In this approximation, the scaling function can only depend on dH
dt

and α ≡ β.

The model predicts for the coercive field Hc
∗ a dH/dt dependence given by the scaling

function (4.2), which suggests that magnetic reversal is dominated by domain wall

motion. Several consequences of this conclusion will be next discussed.

In order to explain the frequency-independence of the magnetic energy loss in

the adiabatic regime, we need to remember that in slowly-changing applied fields the

magnetization reversal is accomplished through a series of abrupt (and usually small)

changes in magnetization known as Barkhausen jumps. In this regime the sample is

most of the time in a static metastable state in which all domain walls are pinned

by various structural or magnetic non-homogeneities. These non-homogeneities are

incorporated in the domain wall model through Hdp, the depinning field which is

assumed uniform. When the applied field becomes equal to the local depinning field,

the domain walls jump from a pinned configuration to the next and during each jump

the domain wall motion is limited only by spin relaxation such that the jump duration

is short (usually on the order of a few µs). The hysteresis loop area and the coercive

field are independent of the field sweep rate in the adiabatic regime because the time

scale of the Barkhausen jumps is much smaller than the period of the driving field.

In other words, reversal through Barkhausen jumps is accomplished before there is a

significant change in the magnetic field value.

Fig. 4.6 illustrates the connection between the magnetic energy loss scaling and

the magnetization dynamics in the adiabatic regime. A plot of the dynamic scaling of
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the coercive field H∗
c (ω) is shown for a 100×150 µm Permalloy microstructure. The

insets labeled A and B (adapted from Ref.[66]) correspond to points A and B on the

plot and display values obtained for several thousand measurements of the domain

wall velocities during individual Barkhausen jumps as a function of the magnetic field

Figure 4.6: Distribution of domain wall velocities during Barkhausen jumps (upper
insets) and plot of coercive fields as a function of dH/dt for a 100×150 µm Permalloy
microstructure, adapted from Ref. [66]. c is a parameter proportional to dH

dt
used in

phenomenological models of magnetization reversal dominated by Barkhausen jumps.
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value at the instant when the jump occurred. The coercive field values H∗
c at points

A and B are average values of the field distributions in each inset.

There are several factors that can explain the slight change in the coercive field

from point A to point B in the adiabatic regime:

1) one reason is the competition between the time scale of the thermal fluc-

tuations (which are believed to activate the magnetization jumps) and the period of

the applied field. Thermal fluctuations can overcome (statistically) a higher energy

barrier at lower field sweep-rates and as a consequence the average coercive field has

a slight dependence on the field sweep-rate. In this scenario however the average

depinning field should also increase from point A to point B and the scattered plot

in inset B should preserve its shape and (to a first approximation) simply be shifted

to the right compared to inset A by an amount equal to the change in the average

depinning field. However this is not the case, which suggests that thermal effects are

unlikely to explain the energy loss scaling in the adiabatic regime.

2) a second explanation can be related to the field sweep-rate in a simpler way:

although the field distribution that triggers the jumps is approximately the same for

insets A and B, at the higher field sweep-rate (inset B) the applied field is slightly

larger when the jump is completed than when it is triggered. The change in the

coercive field is simply an effect of the finite wall velocity: during the time it takes

the domain wall to complete the Barkhausen jump, the change in the applied field

value is larger at higher field sweep-rates.

3) finally, a third interpretation is the transition from stochastic (pinning-

dominated) motion to a regime of mobility-dominated wall motion. At higher field

frequencies, the wall motion is more continuous, described by an average wall mobility:

the domain walls spend less time at individual pinning sites and some pinning sites
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do not pin the wall. More about this effect will be discussed in the paragraph that

describes the high-frequency scaling regime.

The fact that the hysteresis energy loss is a function of the depinning field Hdp

in the adiabatic regime can be explained if we assume that the instantaneous velocity

of the domain wall is given by:

v = µ(H + Hdm + Hp) (4.14)

,where µ is the domain wall mobility, Hp is the local pinning field (a random function

of the domain wall position), and Hdm is the demagnetizing field. As long as the

domain wall is pinned, we have H + Hdm + Hp = 0, therefore immediately before

and after a Barkhausen jump is triggered we have H + Hdm = −Hp. This means

that, to a first approximation, the net field that drives the domain wall during a

Barkhausen jump is equal to the pinning field Hp. Although the applied field H is

variable during reversal, the demagnetizing field adjusts itself such that at all times

the sum (Hdm +H) is equal to Hp [70]. Since magnetic energy can only be dissipated

during domain wall motion, it follows that the hysteresis loop area must be a function

of Hp.

At high field frequencies the motion of domain walls cannot be accurately

described by a sequence of Barkhausen jumps. In the high-frequency regime the

pinning sites have only the effect of lowering the average velocity of domain walls

compared to a pinning-free situation (such that v = µ(H −Hdp)) The rapid increase

in dynamic coercive field vs. frequency in the high-frequency regime can be easily

understood on Fig. 4.7. In Fig. 4.7 we assume for clarity a simplified one-dimensional

domain wall motion described by v=H (Hdp=0, µ=1), where H has a piece-wise linear
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(sawtooth) time dependence. The domain wall motion is plotted for two different field

sweep rates. The corresponding coercive fields are equal to the vertical sides of the

hachured triangles whose areas are proportional to the total area of the reversed

magnetization domains. It can be easily seen that a larger field sweep-rate results in

a larger coercive field in the context of a linear domain wall motion.

The experiment also suggests that at the largest field sweep rates (dH/dt ≥

109Oe/s, or field frequencies above ∼1 MHz) the scaling function Eq. (4.2) doesn’t

describe the scaling of the magnetic energy loss properly. Several factors that might

contribute to this change in the scaling behavior will now be discussed:

- measurements of field-driven domain walls in Permalloy nanowires showed

that at applied fields above a threshold value a mechanism of mobility breakdown

sets in, such that the domain wall mobility drops by a large factor. The parameter

Figure 4.7: Illustration of the frequency-dependence of the coercive field at large field
frequencies.
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K in the scaling function Eq. (4.13) is a function of the domain wall mobility (K =

q+1

√
(q+1)h0

2µ
√

ρ
). A decrease in the domain wall mobility will result in an increase in K

and the slope of the scaling function will also increase, in disagreement with the data

shown in Fig. 4.5. This suggests that domain wall mobility breakdown is unlikely to

explain the breakdown of the scaling function at high frequencies.

- at high applied field frequencies magnetization reversal takes place in fields

substantially larger than at low frequencies. In the domain-wall model the density

of nucleation sites is assumed constant, however it is possible that more magnetic

domains are nucleated per unit area at higher applied fields, i.e. ρ is a function of

dH/dt. If this is correct, then K decreases with dH/dt and the slope of the scaling

function Eq. (4.13) will also decrease, as in Fig. 4.5. However, given the rather large

measurement uncertainty at the highest frequencies, only a qualitative description

seems appropriate.

In our measurements, we found a scaling exponent α ∼ 0.5 for the vacuum-

evaporated films and microstrucures and α ∼ 0.4 for the sputtered films and mi-

crostrucures. This suggests that the scaling function Eq. (4.2) is universal and that

the exponent α that dictates the scaling of magnetic energy losses is independent

of sample shape or size. The value 1/2 obtained for the scaling exponent α in the

vacuum-evaporated samples suggests that these films meet the criteria required for

universal scaling resulting from the motion of a rigid wall in a system with weak

disorder [68]. In the magnetization-reversal model described previously in this chap-

ter, α=1/2 is equivalent to q=1, which suggests a linear domain wall velocity-field

dependency.

The discrepancies reported in previous studies over the values of the scaling

exponent α based on the scaling function Eq. (4.1) can be understood in the context
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of our experiment by noticing that fitting the data over a narrow frequency range of

just 1 or 2 decades can yield any value for α, from the very low values in the adiabatic

regime to the larger values in the high-frequency regime.

The static coercivity A0 depends on the growth technique and the sample

geometry. The sample growth technique most probably influences the static coercivity

as it impacts the film structure (grain size), which can affect the activation volume

for domain nucleation and therefore the depinning field. The static coercivity is also

expected to depend on the sample geometry, because they are both linked to the

sample demagnetizing field (dipolar effects). The fact that theoretical models neglect

dipolar effects may explain some of the discrepancies between experiment and theory.

Numerical simulations and models that assume domain nucleation to be the

dominant reversal mechanism yield scaling functions that have a logarithmic depen-

dence on the applied field parameters, A ∼ −[log(H0ω)]−1 [60,61,67,68]. It has been

suggested that a transition from adiabatic scaling to a regime of rapidly-increasing

magnetic energy loss can be explained by a mechanism cross-over from reversal dom-

inated by domain wall motion to reversal dominated by nucleation. While domain

nucleation might play a role in the scaling of energy losses at higher frequencies,

mechanism cross-over cannot be inferred simply based on the fact that the magnetic

energy losses become frequency-dependent at high frequencies. As we have shown,

this scaling behavior can be fully described by the competition between the static

(pinning-dominated) coercivity and the frequency-dependent component of the coer-

cive field.
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4.4 Conclusions

A high-bandwidth magneto-optical Kerr effect polarimeter has been used to

measure the magnetic energy losses in Permalloy thin films and microstructures driven

by sinusoidal magnetic fields as a function of the field frequency over a wide range of

frequencies.

Two distinct regimes of magnetic energy losses versus applied field frequency

were found:

a) at low frequencies the magnetic energy losses are frequency-independent.

This is explained by the large difference between the applied field period and the

time scale of the elementary magnetization processes (the Barkhausen jumps).

b) at high frequencies, the magnetic energy loss increases monotonically with

the field frequency. This behavior is related to the finite domain wall velocity that

generates a phase lag between the applied field and the magnetization.

The experimental data are shown to be in agreement with a simple model of

magnetization reversal based on domain wall motion that predicts a shifted power-law

dependence of the coercive field on the field sweep rate dH/dt.
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Appendix A

A magnetic logic device

In present-day computers information is stored in magnetic bits, yet all sub-

sequent computations are done using exclusively semiconductor-based technology. A

natural question arises: can we build a computer in which the magnetic bits interact,

such that they also perform some computation?

A strategy for developing such a device has been recently proposed. It is based

on a magnetic logic architecture [26] that uses ferromagnetic nanowires as conduits

for domain walls. The domain walls can be controlled with suitable magnetic fields

and act as information carriers.

Figure A.1: Ferromagnetic NOT gate fabricated from a Permalloy nanowire, adapted
from Ref.[27].
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To illustrate how such a device works, a logical NOT gate is shown in Fig. A.1

that is made entirely of magnetic nanowires. The diagram shows how a magnetic field

that rotates in the device plane can convert a logical state into its negation through

motion of domain walls. In Fig. A.1, a domain wall enters the device propagating in

the driving field direction (a logical 1 state) and exits it propagating in a direction

opposite to the same driving field (logical 0).

To perform useful computations, more sophisticated logical circuits are needed

that contain logical gates as well as domain wall conduits that suitably connect their

terminals. Fig. A.2 shows a prototype of a magnetic shift register, which is still a

relatively simple device. Magnetic walls can be propagated in the same way through

more complex networks of nanowires by a magnetic field that rotates in the plane

of the device and acts as both the clock and the power supply. Information can be

input in shift registers using either the stray field of a conductor or by modulating

Figure A.2: Ferromagnetic shift register, adapted from Ref.[26].
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the amplitude of the rotating magnetic field. Information read-out can be done using

the GMR effect of layers magnetically coupled to the shift registers.

This device has several advantages over the current semiconductor-based tech-

nology, amongst which is data non-volatility. It may also have the potential of working

at clock frequencies close to the current technology. This latter issue still needs more

research, mainly studies of domain wall propagation in ferromagnetic nanowires.
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Appendix B

Derivation of the domain wall mobility in a

magnetic nanowire in the precessional regime

In the rigid wall model the wall magnetic moment ~M obeys the LLG equation:

d ~M

dt
= −γ ~M × ~Heff + α

~M × d ~M
dt

M
(B.1)

In the precessional regime that is discussed here, ~M precesses continuously

about the effective field ~Heff . It is convenient to use a cylindrical system of coordi-

nates (x, θ), where x is parallel to the nanowire and θ is an angular coordinate in the

direction of the wall canting.

For a given driving field, the magnitude of the demagnetizing torque is | −

γ ~M × ~Hdem| = const·sin(2θ), where θ is the canting angle. Its average value in

the precessional regime is zero because < sin(2θ) >θ=0. Intuitively this can be

expected, because during each full precession the demagnetizing torque pushes the

wall alternatively forward and backward with equal strengths. Consequently, for large

driving fields the demagnetizing torque can be neglected. This amounts to setting

~Hdem=0, or ~Heff= ~Ha in eq. (B.1).

The 3 terms in Eq. (B.1) must be evaluated. In the (x, θ) coordinate system,

d ~M
dt becomes:

d ~M

dt
=

(
d ~M

dt

)
θ

θ̂ +

(
d ~M

dt

)
x

x̂ (B.2)
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The longitudinal (x) component of
d ~M
dt has been derived in the model section,

where it was shown to be proportional to the domain wall velocity:

(
d ~M

dt

)
x

=
M

∆avg

v~x (B.3)

where ∆avg is the domain wall width averaged over all wall canting angles. The

averaging is necessary because the wall width depends on the wall anisotropic energy

which is a function of the wall canting angle.

The angular component of d ~M
dt

is proportional to the angular velocity ω of wall

precession: (
d ~M

dt

)
θ

= ωMθ̂ (B.4)

After substituting Eq. (B.4) and Eq. (B.3) in Eq. (B.2) we get:

d ~M

dt
=

M

∆avg

vx̂ + ωMθ̂ (B.5)

Using the (x, θ) coordinates, the damping torque in Eq. (B.1) becomes:

α
~M × d ~M

dt

M
= α

[(
d ~M

dt

)
θ

x̂−
(

d ~M

dt

)
x

θ̂

]
(B.6)

Finally, after making all the substitutions in Eq. (B.1) we get:

ωMθ̂ +
M

∆avg

vx̂ = γHMθ̂ + αMωx̂− αMv

∆avg

θ̂ (B.7)

The two scalar components of Eq. (B.7) are:

ωM = γHaM − αMv

∆avg

(B.8)
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and

Mv

∆avg

= αMω (B.9)

We can solve them for ω and v:

ω = γHa (B.10)

v =
γ∆avg

α + 1
α

Ha (B.11)

In the precessional regime, the wall velocity v is still proportional to the applied

field intensity Ha, but the wall mobility is much smaller than in the low-field regime

described in section 3.2.

99



Bibliography

[1] Marder, M. P., ”Condensed matter physics”, John Wiley, New York (2000).

[2] Heisenberg, W., Z. Phys. 38, 441 (1926).

[3] Stoner, E. C., ”Collective Electron Ferromagnetism”, Proc. R. Soc. A 165, 372

(1938).

[4] Chikazumi, S., ”Physics of ferromagnetism”, Clarendon Press (1997).

[5] Slater, J. C., ”The Ferromagnetism of Nickel”, Phys. Rev. 49, 537 (1936).

[6] Van den Berg, H. A. M., ”Self-consistent domain theory in soft-ferromagnetic

media II. Basic domain structures in thin film objects”, J. Appl. Phys. 60, 1104

(1986).

[7] Landau, L. and Lifshitz, E., Physik Z. Sowjetunion 8, 153 (1935).

[8] Gilbert, T. A., Armour Research Foundation, Rept. no. 11, Jan. 25, 1955 (unpub-

lished).

[9] Kittel, C., Mitchell, A. H., ”Ferromagnetic Relaxation and Gyromagnetic Anom-

alies in Metals”, Phys. Rev. 101, 1611 (1956).

[10] Heinrich, B., Fraitova, D., Kambersky, V., ”The Influence of s-d Exchange on

Relaxation of Magnons in Metals”, Phys. Stat. Sol. 23, 2, 1-7 (1967).

100



[11] Berger, L., ”A simple theory of spin-wave relaxation in ferromagnetic metals”,

J. Phys. Chem. Solids 38, 1321 (1977).

[12] Kambersky, V., ”On the Landau-Lifshitz relaxation in ferromagnetic metals”,

Can. J. Phys. 48, 2906 (1970).

[13] Korenman, V., Prange, R. E., ”Anomalous damping of spin waves in magnetic

metals”, Phys. Rev. B 6, 2769 (1972).

[14] Hubert, A., ”Magnetic domains: the analysis of magnetic microstructures” ,

Springer, Berlin (1998).

[15] Argyres, P. N., ”Theory of the Faraday and Kerr effects in ferromagnetics”, Phys.

Rev. 97, 334 (1955).

[16] Heinrich, B and Bland, J. A. C., ”Ultrathin Magnetic Structures,” Springer-

Verlag, Berlin Heidleberg (1994).

[17] Egelkamp, S. and Reimer, L., ”Imaging of magnetic domains by Kerr effect using

a scanning optical microscope”, Meas. Sci. Technol. 1, 79 (1990).

[18] Wolf, S. A. et al., ”Spintronics: a spin-based electronics vision for the future”,

Science 294, 1488 (2001).

[19] Baibich, M. et al., ”Giant magnetoresistance of (001)Fe/(001)Cr magnetic su-

perlattices”, Phys. Rev. Lett. 61, 2472 (1988).

[20] Tsoi, M., Fontana, R. E. and Parkin, S. S. P., ”Magnetic domain wall motion

triggered by an electric current”, Appl. Phys. Lett. 83, 2617 (2003).

101



[21] Shiratori, T., Fujii, E., Miyaoka, Y. and Hozumi, Y. ”High-density magneto-

optical recording with domain wall displacement detection”, J. Magn. Soc. Jpn

22-32, 4750 (1998).

[22] S. S. P. Parkin, U.S. Patent 6834005, 2004.

[23] Cowburn, R. P., Allwood, D. A., Xiong, G. and Cooke, M. D. ”Domain wall

injection and propagation in planar Permalloy nanowires”, J. Appl. Phys. 91,

6949 (2002).

[24] Ono, T., Miyajima, H., Shigeto, K., Mibu, K., Hosoitu, N. and Shinjo, T. ”Prop-

agation of a magnetic domain wall in a submicron magnetic wire”, Science 284,

468 (1999).

[25] Klaui, M. et al. ”Controlled and reproducible domain wall displacement by cur-

rent pulses injected into ferromagnetic ring structures”, Phys. Rev. Lett., 94,

106601 (2005).

[26] Allwood, D. A., Xiong, G., Faulkner, C. C., Atkinson, D., Petit, D. and Cowburn,

R. P. ”Magnetic Domain-Wall Logic”, Science 309, 1688 (2005).

[27] Allwood, D. A., Xiong, G., Cooke, M. D., Faulkner, C. C., Atkinson, D., Vernier,

N. and Cowburn, R. P. ”Submicrometer Ferromagnetic NOT Gate and Shift Reg-

ister”, Science 296, 2003 (2002).

[28] Thiaville, A., Garc̀ıa, J. M., Miltat, J. ”Domain wall dynamics in nanowires”, J.

Magn. Mag. Mat. 242, 1061 (2002).

[29] Nakatani, Y., Thiaville, A. and Miltat, J. ”Faster magnetic walls in rough wires”,

Nature Mat. 2, 521 (2003).

102



[30] Nakatani, Y., Hayashi, N., Ono, T. and Miyajima, H. ”Computer simulation of

domain wall motion in a magnetic strip line with submicron width”, IEEE Trans.

Magn. 37, 2129 (2001).

[31] Schryer, N. L., Walker, L. R., ”The motion of 180 domain walls in uniform dc

magnetic fields”, J. Appl. Phys. 45, 5406 (1974).

[32] Atkinson, D., Allwood, D. A., Xiong, G., Cooke, M. D., Faulkner, C. C. and Cow-

burn, R. P. ”Magnetic domain-wall dynamics in a submicrometer ferromagnetic

structure”, Nature. Mat. 2, 85 (2003).

[33] Nistor, C., Beach, G.S.D. and Erskine, J.L., ”A versatile magneto-optic Kerr

effect polarimeter for studies of spin dynamics in magnetic nanostructures” (Rev.

Sci. Instr., submitted).

[34] Trunk, T. et al., ”Domain wall structure in Permalloy films with decreasing
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